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Dennis Robert Hoagland 



Benntsi i^obert iloaslanb 

1884-1949 

Dennis Robert Hoagland, professor of plant nutrition in the University of 
California, one of the most distinguished plant physiologists, and the world's 
leading authority on plant and soil interrelations, died in OaMand, California, 
September 5, 1949. 

For more than 30 years. Professor Hoagland’s life and work exerted a pro¬ 
found influence on the evolution of plant and soil science in America and abroad. 
But as with most great men, the totality of his achievement was greater than 
the sum of his impressive individual contributions. He personified the scientist 
with a broad outlook on his work and the world around him. 

Hoagland graduated from Stanford University in 1907 and was elected that 
year to Phi Beta Kappa and to the Chemistry Honor Society, now Phi Lambda 
Upsilon. After graduation, he first elected to go on with work in chemistry at 
Stanford and, for one semester, was a graduate assistant in physical chemistry. 
In January of 1908, however, he became an instructor and assistant in the Labo¬ 
ratory of Animal Nutrition at the University of California. The new position 
brought him into professional contact with biology and took him to Berkeley, 
where, except for a few short gaps, he was to spend the rest of his life. 

In 1910, Hoagland joined the Consulting R^eree Board of Scientific Experts 
of the U. S. Department of Agriculture. This board was established to study 
the effect on health of various chemicals used in food processing and as preserva¬ 
tives, a question of national concern raised by the administration of the then 
recent Pure Food and Drug Act. He was associated with Alonzo Taylor m his 
work on the toxicity to humans of aluminum, copper, and sulfur compounds. 
His assignment took him to Philadelphia where he attended lectures as a grad¬ 
uate student in the University of Pennsylvania. 

After completion of the work of the Referee Board in 1912, Hoagland ac¬ 
cepted a graduate scholarship to work in animal biochemistry with E. V. McCol¬ 
lum in the Department of Agricultural Chemistry at the University of Wis¬ 
consin. In 1913 he received his master’s degree with a thesis on “The influence 
of sodium benzoate on the synthesis of urea.” In the same year he published 
with McCollum a series of three papers on the “Endogenous metabolism of the 
pig as modified by various factors.” These publications are still quoted as au¬ 
thoritative statements on the processes involved. 

Appointment in the Division of Agricultural Chemistry of the University of 
California in 1913 was a real opportimity to Hoagland. The department, under 
the leadership of John S. Bxird, was chiefly interested in soil chemistry problems. 
Burd bad the vision to encourage the search for principles rather than ad hoc 
solutions. By a fortunate circmnstance Hoagland was also connected with the 
teaching program. It seems legitimate to speculate that the then large areas of 
ignorance in the field of plant and soil interrelations were sharply illuminated 
by penetrating questions from students. 

1 
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The interruption of commerce in World War I focused attention on American 
dependence on German sources of potash fertilizers. The giant kelps of the Pacific 
Coast were suggested as a possible source of potassium. Hoagland undertook a 
systematic study of the inorganic and organic composition of kelps and reported 
Ids findings in three papers. His conclusions about the possibility of commercial 
exploitation of these organisms were not encouraging, but this research led him 
into a field of investigation in which he aquired a life-long interest and inter¬ 
national renown: the accumulation of ions by plants. In 1915 he wrote in a paper 
dealing with the composition of kelps “Of far greater interest to the plant 
chemist and physiologist is the study of the chemical composition and metabolism 
of these remarkable plants [rather than that of their economic importance]. Their 
selective action on certain elements contained in sea water is very striking.” He 
was particularly impressed with the remarkable ability of these plants to ac¬ 
cumulate potassium and iodine in concentrations many times in excess of those 
found in sea water. 

The second of Hoagland^s early research activities concerned itself with the 
effect of hydrogen-ion concentration on plant growth. One of the accepted tenets 
of agricultural teaching in those days was that plants could grow well only at 
neutral or slightly alkaline reactions. It was with great surprise, therefore, that 
he discovered that barley plants made excellent growth in nutrient solutions at 
pH 5. It seemed that the chief importance of hydrogen ion was in relation to 
other ions rather than in its direct effect on the plant. To his orderly and critical 
mind it became clear that the complex problems of soil and plant interrelations 
must be studied by techniques which permitted rigid experimental control and 
the isolation of individual variables. 

Hoagland gave expression to his convictions about the value of artificial cul¬ 
ture methods in plant research by developing to a very high degree the water- 
culture technique for growing plants. He devised a culture solution to imitate a 
soil solution obtained from a soil of proved fertility. “Hoagland’s solution” be¬ 
came a household term in laboratories of plant physiology throughout the world. 
The formulation of his culture solution was accompanied by a study of concen¬ 
tration versus total supply of ions, specific proportions of nutrients, and other 
basic concepts that underlie the use of nutrient solutions. He critically examined 
and rejected the idea of an “optimum nutrient solution,” a point of view which 
was fully corroborated by later work. 

After the organization of the new Division of Plant Nutrition, at the Uni¬ 
versity of California at Berkeley, with Hoagland as head, he returned with re¬ 
newed vigor to the problem that had attracted his attention in kelps—the ab¬ 
sorption and accumulation of ions by plants. The quality of the immense con¬ 
tribution which he and his collaborators and associates made to this fimdamental 
process of plant physiology can be judged only against a background of the ideas 
and concepts that prevailed when his work got under way. There was no clear 
view as to how inorganic elements are absorbed by plants. Discussions of this 
subject usually invoked such concepts as osmosis, permeability, and antagonism, 
none of which, as he later clearly demonstrated, could explain the absorption. 
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accumulation, and retention against a concentration gradient of anions and 
cations by plant cells. 

Hoagland opened the study of ion absorption by using intact barley plants. 
Promising as the early results were, he readily perceived the advantages of work¬ 
ing with a unicellular organism from which relatively pure vacuolar sap could be 
obtained. At the suggestion of the late Nathaniel Gardner, he selected the fresh 
water alga, Nitella. This work clearly demonstrated that absorption of ions by 
plants is a metabolic process and not one of simple permeability. The accumulated 
ions were not precipitated in the sap but remained as free ions, the concentra¬ 
tion of electrolytes in the Nitella sap being 25 times greater than that in the 
surrounding medium. 

The next important phase of his researches on ion accumulation brought him 
closer to the system that was uppermost in his mind—the absorption of nu¬ 
trients by the roots of higher plants. The broad outlines of a theory were already 
available from his previous work. What was needed was the formulation of an 
adequate experimental approach to the different system. He decided in the late 
1920’s that the most important prerequisite for future work was the develop¬ 
ment of a technique which would make available biological material of a de¬ 
finable and reproducible physiological status. Only in this manner could the 
various conflicting observations.be resolved and a systematic effort directed 
toward the elucidation of factors underljring salt absorption by roots. 

Hoagland concluded that the fundamental questions of ion absorption by root 
cells can be studied most effectively by eliminating, during a brief experimental 
period, the complications of shoot and root relationships. He concentrated, there¬ 
fore, on excised roots obtained from plants grown xmder experimental conditions 
designed to yield, subsequent to the removal of shoots, root systems with a high 
capacity for salt absorption. Among the essential conditions for a high capacity 
for ion absorption by roots were a low salt and a high carbohydrate status. Under 
these conditions the excised roots were found to be “the most active salt-ac¬ 
cumulating system so far [1936] investigated.’’ 

Once the tedious but indispensable job of evolving a suitable physiological 
technique was completed, progress was rapid and gratifying. An impressive 
array of data was amassed over the years on the influence of temperature, light, 
hydrogen-ion concentration, ion selectivity, concentration of anions and cations, 
differences in rates of absorption, and the effect of one ion on the absorption 
of another ion of the same or opposite charge. A striking correlation was ob¬ 
tained between the supply of oxygen and the absorption of salts by roots against 
a concentration gradient. A solid scientific foundation was thus laid for the under¬ 
standing of the importance of aeration in soils and for the interpretation and pre¬ 
diction of a multiplicity of plant responses to fertilization treatments, and other 
chemical changes in the soil. 

The phase of his investigations on absorption of ions occurred just before 
and during World War II. With excised barley roots he studied the effect of 
reversing the external concentration gradient on ion entry and the influence of 
inhibitors on ion accumulation. He also returned to Nitella, this time employing 
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radioactive isotopes. The technique permitted separation of the two stages of 
ion absorption by cells: from the external medium into the cytoplasm, and from 
the cytoplasm into the vacuole. The fundamental conclusion, which he and his 
colleagues had reached almost two decades earlier, that ion accumulation is a 
metabolically linked process, was confirmed. By the use of radioisotopes in the 
late 1930’s, he showed that ions first accumulate in the cyiioplasm and then mi¬ 
grate to the vacuole by a process akin to secretion until the vacuolar concentration 
becomes higher than that in the cytoplasm and decidedly higher than that of the 
external dilute solution. 

Hoagland’s own work on problems of soil chemistry, insofar as it affects the 
nutrition of crops grown in the field, was especially concerned with zinc, po¬ 
tassium, and phosphorus deficiencies of fruit trees in California. In this he en¬ 
tered, in the late 1920’s, into a harmonious cooperation with W. H. Chandler of 
the Pomology Division. In a concerted attack on a complex problem, each di¬ 
vision contributed what it was best equipped and qualified to do. The result of 
this collaboration was the clear identification of “little leaf’’ of fruit trees as a 
zinc deficiency and its reproduction under controlled greenhouse conditions. The 
importance of these studies to California agriculture is shown in the fact that 
zinc is now second only to nitrogen in importance as a fertilizer element for 
orchard crops. The investigation of potassium nutrition of fruit trees had a bear¬ 
ing on “prune dieback,” another nutritional disease of fruit trees in California. 
An intensive chemical investigation followed into the question of potassium ab¬ 
sorption m relation to replaceable, nonreplaceable, and soil-solution potassium. 
His interest in the nutrition of fruit trees continued, and in 1940 he produced, 
under controlled conditions, the first molybdenum-deficiency symptoms in fruit 
trees. It was also xmder his influence and encouragement that intensive studies 
into other aspects of micronutrients were undertaken in the Division of Plant 
Nutrition. 

In his personal relationships, Hoagland’s chief characteristic was his integrity 
and objectivity of outlook. He was a scientist who carried the scientific mode of 
thinking outside his own specialty. In the 17 years during which the writer was 
associated with him as a student, colleague, and friend, he never heard him once 
discuss a person or an issue, scientific or otherwise, except in an objective manner. 
He approached his students with confidence and good will, always crediting 
them at the start with ability and industry. 

He was an ideal collaborator in scientific research, never seeking dominance 
for his own point of view but always inviting a free flow of ideas. He was me¬ 
ticulous in giving credit where credit was due and was generous in acknowledging 
the contributions of his associates. He was a master of clear exposition and had a 
resd feeling for style. Although writing came to him easily, he always preferred 
to defer publication of results until the evidence was carefully assembled and 
checked. 

It was only natural that Hoagland’s accomplishments, his qualities of mind 
and character, gained him wide recognition and many honors. His counsel was 
sought and valued within his own university, to which he gave unstintingly of 
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time and effort in many arduous administrative assignments, usually at the ex¬ 
pense of his own leisure and in later years at the expense of his health. In 1934 
he was elected a member of the National Academy of Sciences. The American 
Society of Plant Physiologists, which was his closest scientific affiliation, be¬ 
stowed upon him its highest honor by granting him in 1929, the first Stephen 
Hales Award in recognition of his outstanding research contributions. He was also 
elected president of the society and occupied other important offices in it. 

The high esteem in which he was held by plant phjrsiologists throughout the 
world is attested by his recent appointment as president of the Section of Plant 
Physiology at the forthcoming Vllth International Botanical Congress to be held 
in Sweden in 1950. Unfortunately, poor health forced him to decline this inter¬ 
national honor. 

Many other socieities in which he held membership honored him by election 
to presidency: Western Society of Soil Science (1924); Western Society of Na¬ 
turalists (1931); Botanical Society of America, Pacific Division (1929); American 
Association for the Advancement of Science, Pacific Division (1941). He served 
as consulting editor for Soil Science, American Journal of Botany, and Plant 
Ph 3 rsiology. He took a prominent part in the organization of the Annual Review 
of Biochemistry, serving from its inception on the advisory board and later on 
the board of directors. He was a member of the board of collaborators for the 
U. S. Department of Agriculture Salinity Laboratory at Riverside, California, 
and the Soil, Plant, and Animal Nutrition Laboratory at Cornell University. 

In 1940, the American Association for the Advancement of Science awarded 
him a $1,000 prize for an outstanding paper presented at the Philadelphia meet¬ 
ings. In 1942 he was invited by Harvard University to give the John M. Prather 
lectures. The lectures were later published in book form, and constitute the only 
book which he found leisure to prepare. 

His own colleagues in the various faculties bestowed upon him the highest 
honor within the university by appointing him in 1942 Faculty Research Lec¬ 
turer. 

In 1920, Hoagland married Jessie A. Smiley, who died suddenly of pneumonia 
in 1933. Her death left him the responsibility of bringing up three sons who, 
with his mother and a brother, survive him. 

The scientific influence of Professor Hoagland’s life has not come to an end 
with his death, but will continue through the deep impression he has made on 
the minds and hearts of his many students and friends. 


Daniel I. Arnon 




EFFECTS OF ENERGY PROPERTIES OF SOME PLANT NUTRIENTS 
ON AVAILABILITY, ON RATE OF ABSORPTION, AND 
ON INTENSITY OP CERTAIN OXIDATION- 
REDUCTION REACTIONS* 

H. P. COOPER 

South Carolina Agricultural Experiment Station 
Received for publical^on March 28, 1949 
EDITORIAL NOTE 

In the March, 1948, issue of the Journal of the Australian Institute of Agricultural 
Research, an article on “The Need for Destructive Criticism*’ drew special attention 
to H. P. Cooper’s concepts “on the order in which plants absorb elements from the 
soil.” The author of this article said that “the whole of this theory is plain rubbish.” 

He concluded with a plea that scientists “tackle the editors who allow bad work to 
pass.” 

Since several of Cooper’s articles had appeared in Soil Science, this criticism was 
brought to the attention of the consulting editors of our journal who were in best 
position to evaluate Cooper’s concepts. 

While awaiting replies to these letters, the editor of Soil Science received a new 
paper from Cooper on “Effects of Energy Properties of Some Plant Nutrients on 
Availability, on Rate of Absorption, and on Intensity of Certain Oxidation-Reduc¬ 
tion Reactions.” This provided an excellent opportunity for a systematic review of 
Cooper’s work. So the paper was submitted, for comment, to a number of our 
best-trained physical chemists in soils, both here and abroad. 

In due time, 16 single-spaced typewritten pages of comment on his concepts, in 
general, and on his latest paper, in particular, were assembled and forwarded to 
Cooper for his consideration. Almost without exception, the reviewers questioned 
the validity of his theories and expressed doubt concerning the desirability of pub¬ 
lishing the paper. 

But two of them thought differently. One wrote: “In view of the fact that the author 
has been subjected to open criticism, I think it would be best if the paper could be 
published. The theories which he expounds have now attracted attention and will 
probably be subjected to critical examination and useful discussion, and this in¬ 
variably leads to progress. In my opinion, it is not so much the few speculative and 
controversial papers we should (hscourage—^for they, at least, contain some thoughts 
and will, even if erroneous, often lead to new truths—but the many papers in which 
there is perhaps nothing to criticize but which have nothing but some inconclusive 
experimental data to offer.” 

A second very capable reviewer wrote: 

“I cannot see that there is much wrong with Cooper’s view. We do not know the 
enormous influence of H ions in modifying the physicochemical processes going on in 
the soil. Then why not the other ions? And if Cooper says flook for the ionic activity,’ 
why should the editor of Soil Science turn his back because there are people who do 
not care to understand the difference between the metallic and the ionic state. I have 
not read any of Cooper’s other papers, but about this particular paper my frank opin¬ 
ion is that it is a good piece of work, insofar as it emphasizes the importance of ionic 
equilibrium and activity concepts. We know so little about the way plants make use 

1 Technical Contribution No. 160—South Carolina Agricultural Experiment Station, 
Clemson, S. C. 
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of the nutrient materials that any pointers toward the solution of that highly im¬ 
portant problem should be welcome.** 

On receipt of the extended comments on his concepts and on his current paper, 
Cooper wrote a very interesting and instructive rebuttal that dealt with the several 
issues, point by point. The editor was so impressed by the author*s carefully worded 
comments and by his calm assurance that he decided to accept the paper for publica- 
cation. 

Firman E. Bear 

One of the major differences in the properties of mineral nutrients and of 
organic compounds synthesized by plants is the potential enei^ stored in the 
organic compotmds as a result of absorption of light energy in photosynthetic 
reactions. Since animals depend largely upon organic compounds for growth 
energy, it is desirable to consider the energy properties of the mineral nutrients 
utilized by plants in synthesizing the organic compounds. 

The relation of the energy properties of nutrient compounds to soil fertility 
problems and plant nutrition has been presented in several previous papers 
(8 to 20). It is appropriate also to consider factors that would be logically related 
to the energy reactions occurring in the nutrition of plants and animals. Some of 
the significant factors are as follows: (a) relation of relative strength of ions to 
intensity of absorption of certain nutrients by plants, (b) effect of phylogenetic 
characteristics upon the nutrient content of plants, (c) phylogenetic tolerance 
mechanisms such as occur in selective accumulation and m selective exclusion of 
nutrients by certain plants, (d) conditions favoring production of proteinaceous 
and carbonaceous plants, (e) relation of exothermic and endothermic reactions 
to the nutrition of organisms, (/) quality of energy in sunlight, (g) quality of 
energy absorbed by chlorophyll, and (h) quality of energy required in the assimila¬ 
tion of some anions. A comprehensive study of the nutrition of plants and animals 
win require careful consideration and determination of the correlation and inter¬ 
relation of these factors in various nutritional complexes. 

energy properties op nutrients 

A consideration of the energy properties of nutrient ions utilized by plants may 
be of great value in interpreting some significant nutritional problems. The Law 
of the Photochemical Equivalent has been utilized in correlating all energy values 
and relationships included in this paper. In considering the application of this 
law to plant nutrition, it is particularly desirable to note the multiplicity of 
biochemical growth mechanisms characteristic of various groups of plants. The 
existence of such mechanisms makes possible vegetative cover, where environ¬ 
mental conditions are suitable, for virtually all existing soil nutritional complexes. 
It is necessary, therefore, to consider the average chemical composition of a large 
variety of plants with widely different nutrient requirements, grown over a wide 
range of soil and climatic conditions, to illustrate the relation between the energy 
properties of nutrient compounds and the intensity of absorption and utilization 
of various nutrients by plants. 

Every form of energy may be considered as compounded of two factors: the 
capacity factor and the intensity factor. These factors may be expressed, respec- 
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tively, as follows: mass of water and difference of level, thermal capacity and 
temperature, volume and pressure of gas, titrable acidity and pH value. Since 
the intensity factor of acidity of which the pH value is a convenient measure, 
has been very useful in biological studies, it seems desirable to consider the rela¬ 
tive intensity factor of energy of nutrients other than H, As there is no compa¬ 
rable method of easily determining the intensity value of other ions in a nutri¬ 
tional medium, it may be useful to consider the relative intensity factors involved 
in ion formation. One of the most satisfactory measures of the intensity factor of 
ion formation is the standard oxidation-reduction potentials in tablel. It may 
not be possible in many situations to make direct use of such values in quantita¬ 
tive studies, but qualitatively this ion series is a very satisfactory guide. Most of 
the standard electrode potentials utilized in these studies were reported by Kolt- 
hoff and Furman (32), the International Critical Tables (31), and Hodgman 
(29). The electrode potentials reported by different authors for such elements as 
Ca and Mg differ widely. The order in this grouping is very probably according 
to the relative strength of ions. For some of the complex anions, the decomposition 
voltage or the discharge potential of aqueous solutions of acids on platinum 
electrodes is included. The overvoltage value, which is the difference between 
the potential of the electrode at which gas evolution occurs and the theoretical 
reversible oxidation-reduction potential for the same solution, should be con¬ 
sidered in evaluating the significance of the decomposition voltages in compari¬ 
son with standard oxidation-reduction potentials. Cooper et cH. (8 to 20) have 
pointed out that most biological reactions are more definitely related to the 
intensity factor of energy than to the capacity factor. The intensity factor of 
energy in ion formation is of primary importance in considering both the intensity 
of removal of cations from soil colloids by electrodialysis and the intensity of 
absorption of certain nutrient cations by plants (13, 15). The two standard 
measures of the intensity factor in ion formation likely to be of greatest value in 
biological studies are the standard electrode potentials and the ionization po¬ 
tentials (18, 19). 


Significance of ionization potentials 

Ionization potentials should give one of the most accurate and significant ion 
series, since the values determined, unlike standard electrode potentials, are 
probably not significantly affected by concentration and energy of hydration. 
Certain ionization potentials of elements in various stages of ionization reported 
by Millikan and Bowen (41), Noyes and Beckman (44), Latimer and Hildebrand 
(33), and Hodgman (29) are included in table 2. The equivalent energy, expressed 
in volts required for removal of last boxmd electron, is shown in the second column. 
This arrangement gives very little information on the relative activity of dif¬ 
ferent ions except the monovalent ions of the alkali metals and H. The equivalent 
voltage values in the fourth column give a more satisfactory ion series, or a better 
grouping of the relative activity of the ions in their most common atomic ionic 
valence state in some nutrient media. An atomic ionic series, arranged according 
to the relative strength of ions from the strongest to the weakest, is Cs, Rb, K, Na, 
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TABLE 1 

Standard oxidaiion-reduction 'potentials of some nutrient elements at on the hydrogen 

scale 

The sign of the potential is opposite that on the electrode 


CHANGE ON ION 


ELECTXOHOTIVE EOECE 
volts 


Cations (+) 


Potassium. 

K+ 

+2.92 

Sodium. 

Na+ 

+2.71 

Calcium. 

Ca++ 

+2.50 

Magnesium. 

Mg+^ 

+1.55 

Aluminum. 

A1+++ 

+1.30 

Manganese. 

Mn++ 

+1.10 

Zinc. 

Zn-H- 

+0.76 

Chromium... 

Cr■^-^ 

+0.66 

Gallium. 

Ga+++ 

+0.50 

Iron. 

Fe++ 

+0.44 

Cadmium. 

Cd++ 

+0.40 

Cobalt. 

Co-^+ 

j +0.29 

Nickel. 

Ni-H- 

+0.22 

Tin. 

Sn++ 

+0.13 

Iron. 

Fe^^-^- 

+0.04 

Hydrogen. 

H+ 

rfcO.OO 

Antimony. 

Sb-H- 

-0.10 

Arsenic. 

A8++ 

-0.29 

Copper. 

Cu"*^ 

-0.34 

Mercury. 

Hg-H- 

-0.80 

Platinum. 

i Pt'++ 

-0.80 

Gold. 

Au+ 

-1.50 


Anions (—) 


Hydroxyl. 

OH- 

-0.41 

Silicon. 

HSiO»- 

• • • • 

Boron. 

H2BO,- 

• • • « 

Selenium. 

HSeSOr 

* • ■ • 

Iodine. 

I- 

-0.55 

Sulfur. 

s— 

-0.55 

Oxalate. 

HCiOr 

-0.95 

Bromine. 

Br- 

-1.08 

Water. 

O2 

-1.23* 

Chlorine. 

ci- 

-1.36 

Chlorate. 

CIO3- 

-1.44 

Acetate. 

CHaCOO- 

-1.57 

Nitrate. 

NO*- 

-1.69t 

Sulfate. 

HSOr 

-1.69t 

Phosphate. 

H2PO4- 

-1.70t 

Oxygen. 

0- 

-1.90 

Fluorine. 

F- 

-1,96 


* The decomposition voltage of water in a hydrogen-oxygen cell, 
t Discharge i)otential of acid on platinum electrode, overvoltage effect. 
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Li, Ba, Sr, Ca, H, Mg, Mn, Fe, Co, Zn, Be, and Cu. In this grouping the H ion 
ranks next to Ca, and in comparable concentrations it would be expected to pre¬ 
dominate over any other ion lower in the series. This grouping is in agreement 
with the recognized order of activity of certain cations in soil colloidal studies. 

The ionization potential values in table 2 and the solubility values in table 3 
suggest that in absence of such strong anions as Cl~ CHsCOO*’, 11804““, and 
NOs”, the elements below H in the fourth column (table 2) would be expected 
to form complex ions and would not be present in large amounts in atomic form 
in soil solutions. These ionization values also suggest some of the reasons why it 

TABLE 2 


Approximate ionization potentials required for removal of valence electrons from certain plant 

nutrients in the atomic state 


SEBIOVAX OP LAST BOUM) ELECTBOK 

BSUOVAL OP INU03T COICUON VALENCE ELECTEON 

Element 

Equivalent Volts 

Element 

Equivalent Volts 

Cs+ 

3.87 

Cs+ 

3.87 

Rb+ 

4.16 

Rb+ 

4.16 

K+ 

4.32 

K+ 

4.32 

Na+ 

5.12 

Na+ 

5.12 

Ba+ 

6.19 

Li+ 

5.36 

Li+ 

5.36 

Ba++ 

9.95 

Sr+ 

5.67 

Sr++ 

10.98 

A1+ 

5.96 

Ca++ 

11.82 

Ca+ 

6.09 

H+ 

13.63 

Mn+ 

7.41 

Mg^ 

14.96 

Mg+ 

7.61 

Mn-^ 

15.70 

Cu+ 

7.68 

Fe+ 

16.16 

Co+ 

7.81 

Co++ 

17.30 

Fe+ 

7.83 

Zn-H- 

17.89 

Be+ 

9.28 

Be++ 

18.12 

Zn+ 

9.36 

Cu++ 

20.34 

H+ 

13.53 


28.31 


* The energy required to remove second valence electron to form Al"*^ — 18.74 volts. 


is not possible to remove large quantities of elements below H in this series by 
electrodialysis. Some of the elements below H, however, can be readily extracted 
from the soil by addition of relatively strong anions which form soluble com¬ 
pounds with the different metallic elements. It is not likely that an element like 
Al, with an inmost normal valence ionization potential of 28.31 volts, would form 
a significant quantity of atomic ions in the soil solution. The solubility and 
removal of such an element from the soil would very probably be determined by 
the relative quantity of the strong anions in the soil solution capable of forming 
soluble compounds. 

Significance of solubility of nuArient compounds 

In comparing the relative strength and activity of ions in any nutritional 
complex, comparable concentrations must be considered, as mass action resulting 
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from hi^ concentrations of ions may become a more significant factor than rela¬ 
tive strength of ions in certain situations. This makes it desirable to consider 
the solubility values of the different nutrient compounds and the probable effect 
of these values on the concentration of the different nutrient ions in the soil 
solution and in the plant. The solubility of different nutrient compounds varies 
widely. Since the solubility data reported in standard reference works have been 
determined by different investigators under different temperatures, close com¬ 
parison is not possible. Solubility values of different nutrient compounds in grams 
per 100 ml. of cold water are shown in table 3. Solubility of the alkali metal 
compounds and of the alkaline earth metal compounds varies widely. 

The relatively low solubility of most of the Ca compounds suggests one of the 
reasons for the generally recognized fact that many soils relatively high in 

TABLE 3 

Solubility* of certain nutrient compounds 

In grams of anhydride per 100 gm. cold water. Temperature around 30® or 0®C., as 

indicated 


ION 

HCO* 

COi 

Cj04 

OH 

SiOs 

PO 4 

HPO 4 

HsP04 

SO 4 

NOa 

a 


22.4 

112.0 

33.0 

97.0® 

s. 

8l.B. 

V.8. 

33.0 

12.0 

31.6 

34.7 


0.9i> 

7.10 

3.7 

109.0 

8. 

28.3 

21.9 

110.3 

19.60 

73.00 

35.70 




4.0 

42.0 



42. go 

22.70 

70.600 

118 .30 

29.70 

Ca. 


0.0014 

0.00067 

0.1850 

0.0095 

0.002 

0.02 

1.8 

0.298 

102.00 

59.50 

Mg. 


0.0106 

0.07 

0.0009 


0.02 

0.31 


26.00 

42.33 

35.3 

Al. 



i 

0.0001620 

8l.S. 

i 



31.3 

63.7 

69.910 

Mn. 


0.0066 

0.03 

0.0002 

i 




52.0 

426.40 

62.2 

Zn. 


0.001 

0.00079 

0.00000026 

i 

i 

i 

i 

86.6«o 

327.3*0 

432.0 

Fe. 


0.0067 

0.022 

0.00067 





15.65 

83.5 

64.4 

Co. 


i 

{ i 

0.00032 


i 



36.2 

133.80 

45.0’ 

Cu. 


i 

0.0025 

i 


i 

i 

i 

14.30 

137.80 

70.60 


• a * soluble, v very, al « slightly, i ■» insoluble. 


Ca are classified among the most productive. The low solubility of virtually all 
the Ca compounds listed, except the NOj and Cl, would result in accumul a tion of 
the insoluble Ca compounds in the soil. The relatively high OH-ion concentration 
commonly accompanying a relatively high Ca-ion concentration in the soil 
solution would tend to conserve such minor plant nutrients as Mn, Zn, Fe, Co, 
and Cu, in complex hydroxyl compounds in many soils. Under such conditions 
certain of these minor nutrients may enter into very low solubility compounds 
and become relatively unavailable to many plants. 

The hi^ solubility of KtCOt, NasCO,, and (NH 4 )sCO,, as compared with the 
relatively low solubility of CaCOj, may be a very significant factor in determining 
the rdative quantity of CO* available to plants for the synthesis of organic com¬ 
pounds in different nutrient media. The predominance of Ca in a nutrient 
may favor accumulation in the plant erf CaCO« and certain other low-solubility 
Ca compounds resulting from organic acids such as oxalates, malates, tartrates, 
and citrates; whereas the predominance of K, Na, or NH 4 , or a combination of 
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these, would create a favorable condition for maintaining a relatively large supply 
of CO 2 available for synthesis of organic compoimds. The importance of these 
relationships in nutrition suggests the desirability of considering some of the 
possible mechanisms influencing the relative quantity of N and C compounds 
available in plants for synthesis of complex organic compounds, which may largely 
determine whether the food products S3nithesized by different plants will be 
classified as proteinaceous or carbonaceous products. 

Relation of standard electrode potentials to intensity of removal of cations from soil 

in electrodialysis stvdies 

In using such values as standard electrode potentials in soil fertility and plant 
nutrition studies it is particularly desirable to consider comparable concentra¬ 
tions, as mass action accompanying high concentrations may mask the relative 
effect of strength of ions. Where comparable or known concentrations are con¬ 
sidered, it will be easier to determine the relative significance of the different ions 
in nutritional media. 

Cooper and Paden (13), have reported a very close correlation between the 
intensity of removal of cations by electrodialysis from soil colloidal complexes 
and the standard electrode potentials. The intensity of removal of K, Na, Ca, 
and Mg from a composite soil sample in the first 2-hour period, expressed as per¬ 
centage of the total quantity of each cation removed in 32 hours, was 56.00,24.66, 
17.49, and 11.98 respectively. The intensity of removal of the cations Rb, K, 
Na, Li, Ca, and Mg in fractional electrodialysis from homionic soil colloids, ex¬ 
pressed as percentage of the total amount extracted in the first 2-hour period, 
was 91.32, 60,51, 53.43, 43.15, 36.89, and 24.31, respectively. These data clearly 
illustrate the relation between the relative strength of certain ions and the intens¬ 
ity of their removal from soils by electrodialysis. 

The relative solubility of the hydroxides of the metals (table 3) may also be an 
important factor in determining the relative quantity of the metals removed by 
electrodialysis as compared with the amount removed by extraction solutions 
such as acetates, chlorides, nitrates, and sulfates containing anions which form 
soluble salts of the different metals. 

Intensity of removal of cations from plant tissue by electrodialysis 

The intensity of absorption of nutrient ions by many crop plants would be 
expected to be correlated with the intensity of removal of the different cations 
from the soil by electrodialysis. It is well known that certain plants differ mark¬ 
edly in the ions selectively absorbed. Because of the variety of conditions in¬ 
volved, such as permeability of root membrane, utilization of ion, and formation 
of insoluble compoimds in the plant, it is very difficult to determine the order 
of intensity of absorption of ions by different plants. It is believed, however, that 
fractional electrodialysis studies of plant tissues will serve to establish the 
general relationship between the relative strength of ions, as measured by elec¬ 
trode and ionization potentials, and their intensity of absorption, mobility in 
plant tissue, and utilization by certain plants. 
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To determine the intensity of removal of cations, fresh samples of cotton, com, 
and soybean tissue were electrodialyzed for 29 to 32 hours. The diffusate was 
collected at successive intervals, and the amount of materials removed at each 
extraction period was determined by Cooper, Paden, and Smith (15). The per¬ 
centage of the various metals removed at each extraction period shows that there 
is a wide differential in the intensity of removal of cations from plant tissue. 

The relation between the relative strength of ions and the intensity of removal 
of cations is illustrated by the percentage of total K, Na, Ca, and Mg extracted 
from cotton tissue during the first hour: 91.40, 49.57, 31.10, and 1.60, respec¬ 
tively. During the 3-5-hour extraction period, these quantitative relationships 
were reversed; the percentage then was 0.50, 5.18,11.90, and 60.20, respectively. 
Likewise, the percentage of total K, Na, Ca, and Mg extracted from com tissue 
during the first f-hour period was 81.55, 22.23, 13.19, and 2.25, respectively. A 
similar relationship for soybean tissue was foimd in the first extraction period 
with a percentage removal of the metals of 43.09, 36.47, 1.73, and 1.46, respec¬ 
tively. 

The data from fractional electrodialysis studies of both plant tissue and soils 
show the same order of intensity of removal of cations. Establishment and 
general recognition of the significance of the correlation between oxidation-reduc¬ 
tion potential values, ionization potential values, and intensity of removal of 
cations from soil and plant tissue can be of very great assistance in solving many 
significant problems in soil fertility and plant nutrition. 

RELATION OF RELATIVE STRENGTH OF IONS TO rNTENSITT OF ABSORPTION OF 

CERTAIN NUTRIENTS 

As some plants apparently tend to absorb nutrient ions selectively according to 
relative strength of ions as expressed in electrode potentials rather than according 
to the concentration of ions in the nutrient medium, it is possible to predict 
qualitatively the probable relative quantity of ions of different strengths that 
may be absorbed by many plants. Where comparable concentrations of nutrients 
are present in the medium, the expected average quantity of materials in a large 
variety of plants would be in agreement with the relative strength of ions. The 
original data utilized in developing the interpretations discussed in this paper 
were reported by the following investigators: Hoagland and his associates (28) 
Eeed and Haas (49), Bear and Prince (1), Osterhout (47, 48), Beeson (2, 3), 
CoUander (7), Wallace et aL (59), Goldschmidt (26), Snider (55), Newton (43), 
and Cooper and Blink (21). Plants or tissues that tend selectively to accumulate 
relatively large quantities of certain nutrients and exclude others may be con¬ 
sidered an exception to this generalization. The mineral composition of Florida- 
grown vegetables reported by Sims and Volk (54) shows that the mineral content 
of plants is apparently much more closely correlated with the relative strength 
of ions than with concentration of ions as expressed in pounds of exchangeable 
cations per acre. The chemical composition of pasture herbage reported by 
Blaser et al, (4) and data reported by Cooper et aL (20) can be interpreted to 
show the relation between the relative strength of ions and the nutrient content 
of plants. 
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Plant nutrient elements arranged in order of relative strength of ions from the 
strongest cation material to some of the stronger anion materials are included in 
table 4. The data in this table represent averages for a large number of chemical 
analyses of plants grown under vaiying conditions. This type of information may 
not be applicable to many specific situations, but it will serve to illustrate some 
of the most common nutrients utilized by many plants. The metallic nutrients 
are arranged according to the standard electrode potential and the discharge 
potential, or decomposition voltage of aqueous solutions of acids on platinum 
electrodes, as reported in previous papers by Cooper et al. (15 to 20). The different 
elements are expressed as percentages of the plant and as miUiequivalents. Under 


TABLE 4 


Average chemical analyses of a large number of plants with the arrangement of metallic nutrient 
elements in order of standard electrode potentials or the relative strength of their ions from 
the stronger cations to the stronger anion materials 


AR2ANG£1£ENT OF KnTHl£in:S IN OSDEK OF STRENGTH OF IONS 


AVERAGE CHEMICAL COMPOSITION OF A WIDE 
VARIETY OP PLANTS 


Material 

Ion 

Standard 

electrode 

potential 

Per cent of 

MiUiequivalents 

Plant 

3s: 

i 

Per 100 gm. 
of plant 

Per cent 
of N 

Potassium. 

K+ 

-1-2.92 

1.61 


41.18 

8.90 

Sodium. 

Na+ 

+2.71 

0.25 

15.53 


1 2.35 

Calcium. 

Ca+^- 

+2.50 

0.76 


37.92 

8.20 

Magnesium. 

Mg++ 

+1.55 

0.27 

16.77 

22.20 


Manganese. 

Mn^-^ 

+1.10 

0.018 

1.12 


0.14 

Iron. 

Fe++ 

+0.43 

0.018 

1.12 

0.65 

0.14 

Silicon. 



0.65 

40.37 

92.66 

20.03 

Sulfur. 

HSOr 

~1.69* 

0.26 

16.15 

16.22 

3.51 

Phosphorus. 

HaPOr 

-1.70* 

0.25 

15.53 

24.21 

5.23 

Chlorine. 

Cl- 

-1.36 

0.64 

39.75 



Nitrogen. 

NOs- 

-1.69* 

2.16 

134.16 

462.53 



* The discharge potential or decomposition voltage of aqueous solutions of acids on 
platinum electrodes. 


the percentage values the elements are expressed as percentage of K, and under 
the milliequivalent values the elements are expressed as percentage of N. 

Analyses of 1,016 plant samples representing a wide variety of crops (table 4) 
show a close correlation between the relative strength of some ions and the 
average content of the different nutrients in plants. Average values may be useful 
in presenting a general trend but will not be representative for different types of 
crop plants. Most of these analyses represent plants grown on humid climate 
soils, which usually contain a relatively low concentration of Na ions and a 
relatively high content of Fe. It is noted that the Na content of plants is rela¬ 
tively low as compared with the relative strength of the Na ion. This is very 
probably partly due to the ability of some plants, through a Na-tolerance mecha¬ 
nism, selectively to exclude Na and to the relatively low concentration of Na ions 
in most humid climate soils. The relatively high content of Na in cotton, potatoes. 
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and carpet grass shown in table 5 indicates that certain plants, particularly those 
fertilized with NaNOs, may absorb a relatively large quantity of the available Na 
in the soil solution of humid soils. It is well known that there is a wide differential 
in the selective uptake of ions by different plants grown in the same nutrient 
solution. Certain members of the chenopodiaceae family (including mangels and 
beets), asparagus, mustard, and halicystis may contain a large amount of Na 
(7,28). Table 5 shows that the Fe content reported for some plants is relatively 
high. In certain cases this may be due to adherence of Fe to the surface of the 
plants. The high content of Fe in most humid soils as compared with the other 
minor nutrients may be an important factor in increasing the relative concentra¬ 
tion of Fe in the soil and significantly increasing the relative amount of Fe ab¬ 
sorbed by many plants. The apparent exceptions noted for Na and Fe emphasize 
the significance of considering such factors as the inherent characteristics of the 
plant, such as the selective accumulation or the selective exclusion of elements, 
the solubilities and the relative concentrations of the different ions in the nutrient 
media, in addition to the relative strength of ions, in determining the initial 
intensity of absorption of ions and the nutrient content of plants. The relative 
strength of ions as a factor in determining the intensity of absorption of nutrients 
by plants should be considered on the basis of comparable concentrations in the 
nutrient media. These relationships make it desirable to consider some of the 
important characteristics of plants which influence their nutrient requirements 
and chemical composition. 

Need for balanced fertilizer 'program 

The large number of elements that may be found in plants, as shown in tables 
1 and 4, suggests the desirability of considering complete nutrient complexes in 
our fertilizer program. The three nutrients N, P, and K are not adequate for 
many of the humid climate soils heavily fertilized for production of fruits, vege¬ 
tables, and other crops of high acreage value. The selective absorption or the 
selective exclusion of certain nutrients by different plants makes desirable the 
inclusion of a differential in the combination of nutrients in the fertilizer for 
different crop plants. Excessive quantities of the stronger nutrient ions may 
result in selective absorption of the stronger ions by many plants, tending to limit 
absorption of the weaker ions with the same ionic charge. Only small quantities 
of many of the minor nutrients are required for normal growth of most plants, 
'il^e relatively low solubility of certain minor nutrient compounds and the rela¬ 
tively low intensity of absorption of the weaker nutrient ions call for a thorough 
imderstanding of the function and of the relative intensity of absorption of the 
different plant nutrients. 

Certain functions of different plant nutrients 

It is widely accepted that plants obtain much of their nutrient supply in ionic 
form. Accordii^ to the theory of ionic absorption, it is logical to assume that the 
major absorption system in plants is largely determined by the capacity to 
absorb positively charged and negatively charged materials. If it is assumed that 
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nutrient absorption is primarily based upon the capacity of plants to absorb a 
positive or a negative charge, it might be expected that the differential in the 
intensity of absorption of nutrient ions would be related to the relative strength 
of the different ions. Summary data reported by Wallace et al. (60) on the 
approximate constant cation-anion ratio in some plants definitely suggest the 
significance of the ionic absorption theory and the necessity for a cation-anion 
balance in plant nutrition. Induced cation and anion deficiencies may be expected 
according to the theory of cation-anion competition, particularly in unbalanced 
nutrient media. 

Following are some of the specific functions influencing the relative quantity 
of the different nutrients absorbed by plants: 

Certain nutrients have a specific structural function as a component part of organic 
compounds. 

Some nutrients may influence certain oxidation-reduction reactions at specific energy 
levels or may be acceptors or donors of specific quanta of energy at characteristic energy 
levels. 

The primary function of certain nutrients may be the maintenance of an ionic balance 
in plant tissues. Such nutrients might be expected to accumulate in the roots and stems. 

Certain nutrients affect solubility, mobility, and availability of such substances as CO2, 
organic acids, and other organic compoimds in the plant. 

Removal of excessive soluble ions or compounds from plant tissue in the form of insoluble 
materials may be one of the primary functions of some nutrients. 

EFFECT OF PHYLOGENETIC CHARACTERISTICS ON NUTRIENT CONTENT OF PLANTS 

To illustrate the effect of certain characteristics of some crop plants upon their 
nutrient contents, the chemical compositions of selected crop plants grown under 
comparable conditions are shown in table 6. Numerous investigators, as reported 
by Miller (40), have noted the differential in the chemical composition of plants 
grown in the same or similar nutrient media. These findings have focused atten¬ 
tion on the characteristics of certain crop plants which may affect their chemical 
composition or nutrient content, since the nutrient contents vary widely from 
the average values for a large number of plants. Cotton, okra, sweet potatoes, 
and plants in the nightshade family, such as tomatoes and potatoes, apparently 
accumulate Ca in larger quantities than might be expected from the relative 
strength of the Ca ion. These plants have a chemical composition similar to that 
of leguminous plants. Many plants that are relatively high in Ca may be rela¬ 
tively high in Cl and relatively low in Si. Wheat straw is relatively low in Ca and 
high in K and Si. Wheat seed, in common with most seed and other reproductive 
tissue, is relatively low in Ca and Cl and high in Mg, P, and N (19). 

PHYLOGENETIC TOLERANCE MECHANISMS IN PLANTS 

Most of the crop plants now grown in forested areas originated in a habitat 
supporting chiefly a grass or herbaceous vegetation. Extension of the culture of 
certain crop plants beyond the regions with optimum physiological growth factors 
makes it desirable to give special consideration to some of the physiological 
growth requirements of different crops grown under varying conditions. In con- 
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sidering the optimum habitat for different crop plants, special attention has been 
given to requirements for successful growth. Existence of plant growth on virtu¬ 
ally eveiy normal or mature soil where sufficient moisture is available suggests 

TABLE 5 

Average chemical composition of crop plants grown under comparable conditions 
Metallic nutrients are arranged according to relative strength of ions as indicated by 

normal electrode potentials 



ca 

EIEUENTS AKUAKOED IN OUSSK OZ ELECTROLYTIC SOLUTION PSSSSUEE OE INTENSITY OZ 

ION ZORUATION 


i 

111 


m 

SI 

" 1 

Mn 1 

Fe 1 

Si 1 

S 1 

Bi 

BI 

N 1 

Ash 

CSOP 

i 

Standard dectrode j)otentials of metals in equivalent volts 







-1.69*1 

-1.70*1 

-1.36i 

-1.69* 



1 

Per cent of different nutrient elements in dry matter of plant 

Clotton plant. 

28 

0.831 

0.46 

1.70 

0.45 



0.056 


0.28 

0.24 

HQ 

1.91 


Cotton seed. 

10 


0.31 

0.16 

0.86 



0.005 


0.26 

0.23 


3.96 


Okra plant. 

1 

0.61 


1.75 

0.18 



0.043 

0.41 

0.27 

0.24 

0.63 

2.35 


Okra seed. 

1 

0.52 

■tfHI 

0.17 




0.021 

0.08 

0.29 

0.27 

mm 



Sweet potato vines.. 

2 


0.60 

1.14 




0.027 

0.48 

0.26 

0.17 

0.64 



Sweet potato roots.. 

2 

■ES 

0.72 

0.10 

0.08 

0.080 


• M 

E Sa 


KSl 


0.72 


Tobacco leaf. 

1 

2.69 

0.03 

2.42 

0.62 

0.011 

0.067 

j B 

1 ^ 

0.31 

0.27 

1.31 

2.67 

11.63 

Tobacco stem. 

1 

1.90 

EED 

0.56 

0.25 


0.017 


E El 

0.18 

0.14 

mm 

1.18 

6.31 

Tomato vine. 

1 

8.68 


3.48 

0.44 


0.024 

i S 


0.28 

0.32 


1.80 


Tomato fruit. 

1 

6.24 

0.26 

0.29 

0.29 



liSE 



0.61 


4.61 


Potato plant.... 

16 

1.62 

mm 

4.12 

1.16 


0.010 



0.68 

0.26 

2.25 



Potato tuber. 

316+ 

2.28 

0.10 

0.05 

0.13 



0.011 


0.12 

0.26 

0.29 

1.67 


Pepper plunts__ 

2 

1.20 


1.42 

0.39 




Ml!! 

0.49 

0.15 

0.85 

2.56 


Pepper pods. 

2 

0.95 


0.10 

mmm\ 




0.21 

0.32 

0.26 

0.36 

2.34 


Wheat straw. 

S 

Util 

0.13 

0.13 

0.08 


njniiidl 



0.15 

0.11 

0.51 


4.43 

Wheat seed. 

8 


0.11 

0.04 

0.15 


0.048 



0.16 

0.43 

0.10 

1.72 

1.96 

Legumes}. 

274 

1.13 


1.47 

0.38 


0.012 

0.015 

MM 


0.18 


2.38 


Grasses & cereals}.. 

320 

1.54 


0.33 

0.21 


0.014 

nwonl 

MH 


0.14 


mmi 


Carpet grass. 

11 

0.71 

0.51 

0.32 

0.21 

ItKOWl 

0.013 

0.030 



0.17 

0.47 

1.27 

7.08 

Kentucky blue- 















grass. 

9 

1.96 


0.13 

0.11 




0.89 


0.25 


1.51 

6.04 

Bioomsedge. 

1 



0.16 





1.97 


0.13 


0.71 

5.14 

Rice cutgrass. 

2 

0.42 


0.15 

wm 




3.81 


0.19 


1.18 

10.00 

Average vegetative 














tissue. 


1.46 

mm 

1.34 

0.35 

EE3I 

mmm 


i&a 


0.20 

0.93 

1.67 

7.69 

Average reproductive 














tissue}. 


1.76 

ii 

lli 

0.19 

qb 

IBB) 

qb 

Bl 

Bi 

0.29 

0.35 

2.65 

3.64 

Grand average. 

1.61 

0.2£ 

0.76 

0.27 

0.061 


0.018 

0.65 

0.26 



2.16 


Per cent of K. 


15.53 

47.20 

16.77 

3.168 

1.118 

1.118 

40.37 


16.53 

39.75 

134.16 


Milliequivalents. 


■ 

87.92 

22.20 

5.873 

0.655 

0.645 

92.66 




462.53 

M 

Me. % of N. 

8.0( 

2.3f 

8.2C 

4.80 

1,227 

0.142 

0.139 

20.03 

3.51 

1 5.23 

3.90 

100.00 



* The discharge potential or decomposition voltage of aqueous solutions of acids on platinum electrodes, 
t Includes seed, fruit, and stems. 

X Analyses reported by Snider (66). 


that in many situations plants may be subjected to excessive quantities of certain 
nutrients rather than to deficiencies. It is logical to assume that the more or less 
fixed phylogenetic characteristics of plants have been largely determined by a 
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nutritional habitat in which the species originated. The phylogenetic tolerance 
mechanisms in plants may be as definitely fixed as some of the other growth 
requirement characteristics. In certain humid forested regions the climatic and 
soil conditions are usually favorable for leaching of the stronger cations present in 
the soil. Plants native to such regions apparently have a tolerance mechanism 
which enables them to grow successfully where the relatively weak cations, such 
as the H ion, predominate in the soil colloids. Under such conditions it is cus¬ 
tomary to consider the so-called acid tolerance of certain crop plants. Climatic 
and soil conditions in a natural grassland area are usually favorable for accumula¬ 
tion of adequate or excessive quantities of certain mineral nutrients. Under such 
conditions many of the phylogenetic characteristics of plants native to such a 
habitat may be based largely upon tolerance mechanisms resulting from the 
excess concentration of minerals in the soil solution rather than upon specific 
nutrient requirements for growth processes. It may be expected, therefore, that 
certain mineral nutrient requirements become a major factor only when the crops 
are grown in a habitat significantly different from their native environment, such 
as may occur when grassland crops are transferred to forested areas. Where 
certain crops are subjected to excessive quantities of mineral nutrients, phylo¬ 
genetic tolerance mechanisms, such as those of selective accumulation and 
selective exclusion, very probably protect the plants from excessive concentration 
of certain ions. The relatively large quantity of Si reported for tobacco is very 
probably partly due to fine sand adhering to the surface of the plant. 

Selective accumulation of niUrients by plants 

A number of investigators, including Robinson and Edgington (52), Hutchin¬ 
son (30), Goldschmidt (26), Wallace et al. (59), Miller (40), and Cooper et oZ. 
(17 to 20), have reported on the selective accumulation of certain metals by some 
plants. Selective accumulation of Ca in plants, such as those of the legume, 
mallow, and nightshade families, through formation of organic compounds of 
relatively low solubility and low energy value, such as oxalates, acetates, malates, 
citrates, and pectates, illustrates one possible tolerance mechanism which protects 
the plant from excessive quantities of Ca ions in its tissue. Since such a charac¬ 
teristic is probably a more or less fixed phylogenetic tolerance mechanism which 
would be expected to operate over a wide range of concentration of different 
metals in the nutrient medium, the eflSiciency of the protective mechanism for 
inactivating certain ions may possibly result in a deficiency of some nutrients 
foxmd in relatively low concentration in the nutrient medium. 

Selective exclusion tolerance mechanisms of certain plants 

In contrast to the protective mechanism by which excessively absorbed ions are 
largely inactivated through formation of relatively insoluble organic compounds 
in the plant, is the less well understood protective mechanism of selective exclu¬ 
sion of excessive ions not required for growth and reproduction. Most plants in 
the grass family, including such crops as wheat and other small grains indicated in 
table 5, do not absorb large quantities of Ca regardless of the concentration of 
ions in the nutrient media. Selective exclusion of Ca by certain tissues concerned 
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with reproduction, such as seeds, fruits, tubers, and stems, may be related to the 
ontogenetic characteristics of the plants; whereas accumulation of Mg and P in 
seed and in other storage tissues concerned with reproduction indicates that there 
may be a very definite relation between Mg and P in reproduction and growth of 
plants. The quality of energy resulting from respiration and oxidation in germina¬ 
tion and seedling growth may not be of the intensity required for eflBcient 
assimilation of P in so stable a form as CaHP 04 (18). 

Significance of accumulation of Mg and P and exclusion of Ca from seed 

The accumulation of magnesium and phosphorus in seed, fruit, roots, tubers, 
and other reproductive tissues and the exclusion of Ca, Cl, and Si shown in 
table 5, indicate that there is a very definite relation between the Mg and P 
in reproduction and growth of seedling plants. This relationship suggests the 
necessity of an adequate supply of Mg for efficient utilization of P by seedling 
plants- Plants have apparently developed some mechanism for excluding excessive 
quantities of Ca from seed and other storage tissues concerned with reproduction. 
As most seeds germinate xmderground and are not exposed to sunlight, (Mg)s- 
(P 04)2 is probably the most stable phosphate compound that could be readily 
assimilated by the quality of energy available. The quality of energy resulting 
from respiration and oxidation processes would not be sufficient to assimilate 
P readily in so stable a form as CaHP 04 . The energy values involved in such 
reactions are included in tables 1 and 6. The required equivalent energy value of 
4.20 volts for the decomposition voltage of CaHP 04 can be calculated from oxida¬ 
tion-reduction potentials in tables 1 and 6 by adding +2.50 volts for the Ca ion 
and —1.70 volts for the discharge potential of H3PO4. This is equivalent to 2,939 
A. of light energy, or the shorter ultraviolet wave in sunlight. The corresponding 
energy required for the decomposition of the MgHP 04 is 3.25 volts, equivalent 
to 3,798 A., or the shorter wave length of sunlight. The quality of energy from 
respiration and oxidation processes of the stored organic constituents in seeds 
woidd probably be high enough for assimilation of MgHP 04 , but not for efficient 
as si m il ation of CaHP 04 . After seedling plants emerge from the ground, they are 
capable of absorbing the shorter wave lengths of sunlight, which represent a 
higher quality of energy than would be available in large quantities from respira¬ 
tion and oxidation processes. The older plants would be expected to assimilate 
CaHP 04 more readily than plants in the seedling state. 

It should be more clearly recognized that a higher intensity of energy is re¬ 
quired for assimilation of P than for any other anion material, with the exception 
of F, shown in tables 1 and 9. It should also be recognized that the photosynthetic 
reactions in the syntheses of many organic compounds can occur at successive 
energy steps. 

Some probable reactions occurring in selective accumulation mechanisms 

The differential in the nutrient content of different plants grown in the same or 
similar nutrient media has defimtely established the fact that some plants selec¬ 
tively accumulate certain nutrients whUe some selectively exclude certain nu¬ 
trients. It is desirable to have a better understanding of some of the probable 
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reactions taking place in some of the processes influencing accumulation and 
exclusion of particular nutrients. Since many of the photosynthetic reactions 
are concerned with the relative quantity of N and C available, it is of interest to 
consider some of the reactions affecting the relative supply of these two nutrients. 

Many cultivated crop plants may be classified into two main groups according 
to their accumulated constituents. The Ca-accumulating group, including the 
legumes and members of the nightshade and mallow families, apparently also 
selectively accumulate Cl and exclude Si. The Si-accumulating group, including 
the grass, sedge, palms and some other oil-producing plants, apparently selec¬ 
tively exclude Ca. Data reported by Neller (42) on the mineral composition of 
grasses and legumes grown on sawgrass peat land in Florida are excellent exam¬ 
ples of accumulation of Si by grasses and exclusion by legumes. The legumes are 
relatively high in Ca, Fe, P, protein, and ash. The carbonaceous grass crops are 
relatively high in Mg and Si and relatively low in Ca, Fe, P, and ash. Elgabaly 
and Wiklander (22, 23, 24) reported data on the effect of the acidoid content of 
plants on the uptake of Na and Ca. Roots of the Ca-accumulating pea plant 
contained larger quantities of Ca than did roots of Si-accumulating barley, which 
contained relatively large quantities of Na. Lundegardh (36, 37), in a compre¬ 
hensive study of salt accumulation in wheat roots, has pointed out the competi¬ 
tion between organic acids and inorganic anions, and the depressing effect of the 
organic anions upon the absorption of inorganic anions and a corresponding 
increase in the absorption of cations. Cooper et ah (20) have shown by ratios of 
elements in the plant that the grasses have a greater relative capacity to accumu¬ 
late anions than the legumes. The capacity to assimilate CO 2 seems to be much 
greater in the grasses than in the legumes. Mattson et ah (39) have presented 
data showing the wide difference in the root acidoids of rye and yellow peas. The 
acidoid content is 29.5 me. per 100 gm. for the rye roots and 71 me. per 100 gm. 
in the pea roots. The pH of the base-unsaturated material is 3.90 and 3.38, 
respectively. The exchange capacity for the roots of the Leguminosae is more than 
twice as great as that for the Gramineae. 

Many of the Ca-accumulating plants are usually relatively high in N and are 
classified as proteinaceous crops. These crops require a relatively large, quantity 
of the alkali metals for normal development and for production of a satisfactory 
yield of carbonaceous materials. It is, therefore, interesting to note some of the 
solubility values included in table 3, which may significantly affect the relative 
quantity of CO 2 available for synthesis of complex organic compotmds. 

These solubility values suggest that the Ca accumulated by plants would be 
largely adsorbed as nitrates or chloride. The large amount of Ca absorbed by 
certain plants in the form of Ca(N 03)2 suggests the desirability of considering 
some of the possible types of reactions occurring in some of the Ca-accumulating 
plants for comparison with possible reactions in Si-accumulating plants. 

Poseible type of Ca-tolerance mechanism reactions in Ca~ac(mmuUUi7ig plants 

Since Ca(N 03)2 and CaCb are the only highly soluble Ca salts generally foimd 
in soils, much of the Ca accumulating in plants is probably derived from these two 
compounds. Absorption of Ca(N 03)2 from the soil and of CO 2 from the air may 
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result in the following type of reactions and combinations in the plant: Ca(N 03)2 
+ H 2 CO 3 ^ CaCOs and/or CaC 204 , Ca-malate, Ca-citrate + 2 BDSTOs a min o 
acids —>■ proteins —^ proteinaceous vegetation. Such reactions may occur in the 
legume, mallow, and nightshade families. 

The potential phylogenetic capacity of the plant to ssmthesize organic acids in 
different nutrient media may largely determine the quantity of Ca absorbed and 
accumulated in the form of low-solubility organic compounds. Existence of 
organic anions in the plant may tend to buffer absorption of other anions and may 
significantly decrease the intensity of absorption of COg ions and significantly 
affect the total production of dry matter. Formation of relatively low solubility 
organic compounds would provide a possible mechanism for depletion of the Ca- 
ion concentration and for continuous absorption and accumulation of Ca in the 
plant, probably in proportion to the phylogenetic capacity of the plants grown 
in various nutrient media to S 3 mthesize acid materials. Such a system of reactions 
would favor the synthesis of organic compounds relatively high in m i nerals and 
proteins and a relatively low production of total dry matter. 

Possible type of reactions occurring in Si'<iccumvkrtmg plants 

Since K2Si08 and Na 2 Si 03 are the only highly soluble silicate compounds in 
soils, much of the Si accumulating in plants is probably derived from one or the 
other of these silicates. Absorption of K^iOa from the soil and of CO 2 from the 
air may result in the following type of reaction in the plant: K 2 SiOs + H 2 CO 8 
(H^iOa H 2 O 4* Si 02 ) 4 CK 2 CO 2 —> carbon compounds —> carbonaceous 
vegetation). Such reactions may occur in certain highly carbonaceous crops in 
the grass, sedge, and palm families. Plants in this group would very probably have 
a relatively low phylogenetic capacity to i^thesize organic acids. Formation 
of H 2 Si 03 which would very probably break down into H 2 O and Si 02 , would 
provide a possible mechanism for depletion of the SiOz ion concentration and for 
continuous absorption and accumulation of Si in the plant. Depletion of the 
SiOs-anion concentration in the plant would very probably provide for a high 
intensity in the absorption of CO 2 and result in synthesis of highly carbonaceous 
compounds. The relatively low organic acid content of such plants would result 
in synthesis of organic compounds relatively low in minerals and proteins, but 
with a relatively high production of total dry matter. Ca-accumulating plants 
generally are classified among the most nutritious food plants. It should be recog¬ 
nized, however, that a very large proportion of the food products for the entire 
animal kingdom is derived directly or indirectly from Si-accumulating plants 
with a relatively low total mineral content, which is characteristic of many of the 
crops in the grass family. Such possible reactions would suggest that one of the 
important functions of alkali metals in plant nutrition may be related to the 
capacity of these metals to maintain a soluble supply of carbonates for photo- 
S 3 mLthetic reactions. The foregoing simple chemical reactions may illustrate some 
of the initial reactions in the nutritional processes of some crop plants. The 
relative magnitude of the successive energy levels involved in such reactions may 
be one of the factors in determining the relative synthetic efficiency of different 
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plants. Plants requiring the minimiun quanta reaction in the synthetic reactions 
may be expected to have the most efficient photosynthetic mechanisms, which 
should be a significant survival characteristic. 

It is interesting to compare the maximum production of some of the highest 
producing crop plants in the Ca- and Si-accumulating groups, such as Ca- 
accumulating sugar beets and Si-accumulating sugar cane and likewise alfalfa 
and com, soybeans and sorghum, cotton and pearl millet, and clovers and grasses. 

Olsen (46) has reported that in some plant species the quantity of oxalic acid 
produced and the amount of Ca absorbed are related. Some of his cultures showed 
a negative relation between dry-matter production and concentration of Ca in 
the nutrient media, and a positive correlation between K concentration and pro¬ 
duction of diy matter. The existence of selective accumulating mechanisms 
su^ests one of the important factors in determining the relatively constant 
content of different nutrients in plants over a wide range of concentration of ions 
in the nutrient medium. Critically low concentrations of certain nutrient ions are 
often necessary in the medium to influence significantly the mineral composition 
of plants, It has been noted by Mattson et dl. (38) that the chemical composition 
of plants is often apparently more definitely related to certain phylogenetic 
characteristics, such as Ca-precipitants, than to concentration of materials in the 
nutrient medium. 

Olsen (46), in water culture experiments with Sinapis alba, DmnQius harbaius, 
Hordeum distichvm, and TussUagofarfarus, found that with alow content of K it 
was possible to demonstrate a decrease in production of dry material by Sinapis, 
Dianthus, and Hordeum when the concentration of Ca in the nutrient solution 
exceeded a certain value; but when K was present in liberal amounts in the 
nutrient solution no instance was recorded of any harmful effects of Ca ions on 
the production of diy material in the four species. With increasing Ca concentra¬ 
tion of the nutrient solution, the first three species absorbed increasing amounts 
of Ca but decreasing amounts of Mg and P. The behavior of Ca-accumulating 
Tussdago farfarus was found to be contrary to that of the other three species. 
The K content of this plant increased with the rising Ca concentration of the 
nutrient solution. The relatively high total milliequivalent content of Ca, Mg, 
and K reported suggests that the Ca may have been accumulating in the plant in 
the form of low solubility organic Ca compounds, which would not be expected 
to depress significantly the uptake of K. 

GROWTH OF PROTEINACEOUS AND CARBONACEOUS CROP PLANTS DIFFERING IN 

NUTRITIVE VALUE 

Li^t energy has been one of the most significant factors in buildup the oiganic 
world. The quality of light, or the quanta of eneigy utilized, largely determines 
the nature and configuration of the substances produced as well as the quantity 
synthesized. 

Various types of plants differ in their light-absorbing properties, and the 
quality of the radiant energy absorbed largely determines the degree of instability 
of the absorbing substance. When exposed to light energy, optically active sub- 



24 


H. P. COOPER 


stances differ in their instabUity. Certain substances differ in their ability 
to absorb d- and Z-circularly polarized light. In organic chemical synthesis the 
substance formed is generally ssmunetrical in the configuration of atomic groups 
of molecules, or equal quantities of the two d- and Z-optical isomers are formed 
(27). When environmental conditions of synthesis are sjnnmetrical in properties, 
the products are symmetrical in arrangement. The tissues of living things are 
asymmetrical and m their action upon food materials select those whose sterio- 
configurations best fit their own. 

Since the presence of asymmetrical compounds influences the S 3 rmmetry of 
synthetic products, it is interesting to note that most of the sugars belong to the 
d-family of isomers and most of the proteins to the Z-isomers. Under certain condi¬ 
tions the reverse of these conflgurations may be formed, depending upon the 
nature of their formation. 

Attention has been directed to the relatively small amounts of Ca in the car¬ 
bonaceous parts of plants such as seeds, fruits, roots, and tubers and also to the 
amount of Mg, which is often greater than the quantity of Ca, in seeds, roots, and 
tubers. Production of carbonaceous crops generally is associated with a relatively 
large supply of available K. Since production of carbonaceous material is the re¬ 
sult of assimilation of COj, the solubility of the bicarbonate and of the carbonates 
of K, Na, and NH* as compared with the solubility of CaCOs is of interest. A 
large quantity of Ca(HC 03)2 probably would not exist in plants, as the conditions 
w'ould be favorable for formation of CaCOs or other relatively insoluble Ca com¬ 
pounds. These relations would indicate that the presence of relatively large 
quantities of Ca in the plant would be unfavorable for maintenance of an ample 
supply of COj for assimilation. In the presence of large quantities of Ca, the 
NOj" and the Cl~ are the only common nutrient anions that would be readily 
soluble. Therefore, s 3 mthesis of proteins may be greater than that of carbohy¬ 
drates where the supply of CO* is limited. The relative quantities of CO* and N 
available to plants may determine the differential in the ^thesis of carbonaceous 
and proteinaceous materials, depending upon the relative quantities of the anions 
of these nutrients available for photosynthetic reaction. 

RELATION OF EXOTHERMIC AND ENDOTHERMIC REACTIONS TO NUTRITION 

OF ORGANISMS 

The discharge potential reactions occurring in such photosynthetic reactions as 
the evolution of 0*, suggest the desirability of considering the energy of forma¬ 
tion, decomposition voltage, and discharge potential of some common nutrient 
compounds. The approximate exothermic energy given off in the formation of 
some diatomic and simple compounds is ^own in table 6. The standard electrode 
potentials represent the enei^ of ion formation and of hydration. 

The energy of hydration of some of the smaller ions may be relatively hi gh, 
which results in a relatively high oxidation-reduction voltage value. The energy of 
formation is expressed in volt-Faradays, Angstroms, and color of light. These 
values can be converted from one to another very easily by use of Einstein’s 
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photochemical equation. This equation and the factors used in conversion of one 
mode of expression of energy into another (25,31, 51) are as follows; 


E « Nh, 


Nhl ergs per mole 
12,345 

volt-Faradays 
12,345 

Volt-Faradays » ?-- 

Angstroms 

„ , _ , gram calories 

Volt-Faradays-' 

Gram calories “ Volt-Faradys X 23,058 
where E = energy, N *= Avogadro number, h — Planck constant, v ■ 
c .. velocity of light, and X wavelength in cm. 


frequency of radiation. 


Conversion of the energy values involved in various reactions to equivalent 
volt-Faradays, Angstroms, and color of light shows more clearly the relationship 
between these values (15). Data on the approximate energy of formation of 
metallic chlorides are included in table 6. These values are the sum of the stand¬ 
ard electrode potentials of ions. A value of —1.36 volts was used for the elec¬ 
trode potential of Cl. The standard electrode potentials of the metals used can 
be determined by subtracting this Cl value from the total free energy decrease 
in the formation of the compounds. Since there is a general tendency for each 
element to form compotmds resulting in the maximum amoimt of free energy 
decrease, the stronger ions woiild be expected to form more energy-stable com¬ 
pounds. The values for energy of formation (table 6) suggest the compounds 
that would likely predominate in a solution containing various ions. It is interest¬ 
ing to note the great difference in the decomposition voltages HsPO^ and CaHP 04 
and Ca(OH) 2 , CaCU, and CaFj. These relatively high enei^ values would defi¬ 
nitely suggest that F and F could be more readily assimilated by both plants and 
animals in less stable form than either (Ca) 3 (P 04)2 or CaF 2 . If light energy equiva¬ 
lent to the decomposition potential of the compound is assumed to be desirable 
in the synthesis of compounds from nutrients, it is easy to understand why the 
less energy-stable compounds may be more readily assimilated by plants and 
animals. 


QUALIIT OP BNBE6T AVAILABLE IN SUNLIGHT 

Since li^t energy is required in assimilation of plant nutrients or in synthesis 
of organic compounds, it is desirable to consider the quality of the light available 
for plant growth. The available energy for photosynthesis on the surface of the 
earth is almost entirely traceable to sunlight. The ranges in the energy values 
in the solar spectrum as it reaches the earth are included in table 7. The wave 
lengths range from aroimd 2,900 A. in the ultraviolet to 30,000 A. in infrared 
li^t. The corresponding energy values range from 98,227 to 9,454 gram calories 
and from 4.26 to 0.41 volt-Faradays. The position of maximum energy, or great¬ 
est intensity, occurs within the visible spectrum. The quality of light is often 
much more important than the intensity in producing photochemical reactions 
in plants in the synthesis of certain organic compounds. Eneigy exists in larger 
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units in the shorter wave lengths of light. The energy value of the Einstein for 
ultraviolet radiation is approximately two to two and one-half times that for 
red light. The energy values reported in table 7 show qualitatively why certain 
photochemical reactions are more frequently initiated by ultraviolet than by 
visible light. Photochemical reactions may be accompanied by a free energy 
increase. One of the most important endothermic reactions in the plant kingdom 

TABLE 6 


Approxirnate relative heat of formation or decomposition voltage and discharge potential of 
some nutrient electrolytes and the corresponding equivalent energy value in color of 

light 


ELECXaOLYTE 

HEAT OF 
FOEMATION IN 
VOLT-FASADAYS 

EQUIVALEl 

Angstroms 

<T ZJGHT ENERGY 

Color 

CuCh. 

1.02 

12,103 

Infrared 

HCl. 

1.36 


Infrared 

FeCU. 

1.40 

8,818 

Infrared 

NiCl*. 

1.58 

7,813 

Infrared 

CoCU. 

1.65 

7,482 

Red 

FeCls. 

1.80 

6,858 

Red 

NH4CI. 

1.91 

6,463 

Orange 

ZnCls. 

2.12 

5,823 

Yellow 

MnCh. 

2.46 

5,018 

Green 

Aids. 

2.66 

4,641 

Blue 

MgClj. 

2.91 

4,316 

Violet 

CaCl,. 

3.86 

3,198 

Ultraviolet 

NaCl. 

4.07 

3,033 

Ultraviolet 

KOI. 

4.28 

2,884 

Ultraviolet 

HJ*©* . 

1.70* 

7,262 

Red 

Ca(OH)s. 

2,91 

4,242 

Violet 

CaClj. 

3.86 

3,198 

Ultraviolet 

Ca.H,(PO«)s. 

4.20* 

2,939 

Ultraviolet 

CaF*. 

4,46 

2,768 

Ultraviolet 


* Value for anion represents decomposition voltage or discharge potential of aqueous 
solutions of acids on platinum electrodes. 

The approximate energy of formation of simple electrolytes is equal to the sum of the 
standard electrode potentials. At sea level the short-wave limit of the solar spectrum is 
around 2,900 A. or 4.26 equivalent volts to 30,000 A. or 0.41 equivalent volt. These energy 
values may be expressed in volts, wavelength of radiant energy, or color of light. 

is the conversion of water and carbon dioxide by sunlight into complex organic 
molecules. 


QUALTTT OP RADIANT ENERGY ABSORBED BY CHLOROPHYLL 

Photosynthesis is generally recognized as one of the most important endo¬ 
thermic reactions; therefore, special consideration should be given to light energy 
absorbed by chlorophyll (10, 15). It may be logical to assume that during the 
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molten stage in the evolution of the earth there was no chlorophyll. Since chloro¬ 
phyll is apparently a product of photosynthesis, it is desirable to consider some 
of the primary light-energy-absorbing materials that may have contributed to 
the genesis of primordial chlorophyll. The data in table 8 record the range in the 

TABLE 7 


Approximate equivalent energy value of the Einstein at different wave lengths of the solar 
spectrum expressed in color of radiation, wave length in Angstroms, gram calories, 

and volt-Faradays 


C0L02 OF XADIATION 

EMESGT VAI^DGES 

Wave length in 
Angstroms 

Gram Calories 

Volt-Faradays 

Infrared. 

30,000-7,500 

9,454r-38,046 

0.41-1.65 

Red. 

7,500-6,500 

38,046-43,810 

1.65-1.90 

Orange. 

6,500-5,900 

43,810-48,191 

1.90-2.09 

Yellow. 

5,900-5,760 

48,191-49,575 

2.09-2.15 

Green. 

5,750-4,900 

49,575-58,106 { 

2.15-2.52 

Blue. 

4,90(M,550 

58,106-62,487 i 

2.52-2.71 

Violet. 

4,550-3,950 

62,487-72,172 

2.71-3.13 

Ultraviolet. 

3,950-2,900 

72,172-98,227 

3.13-4.26 


TABLE 8 

Close agreement of endothermic reaction values in absorption bands in chlorophyll with exo¬ 
thermic reactions or equivalent energy of formation or decomposition voltage of certain 
nutrient electrolytes, particularly the chlorides 


BAND 

RANGE 07 ENERGY IN ABSORPTION BANDS 

ENERGY 07 FORMATION OR DECOMPOSITION 

1 VOLTAGE 07 EIECTROLYTE 

Angstroms 

Equivalent Volts 

Material 

Equivalent Volts 

I 

6800-6371 

1.81-1.94 

FeCls 

1.80 

II 

6250-6000 

1.98-2.06 

CrCls 

1.92 

III 

5860-5640 

2.11-2.19 

ZnCl2 

2.12 

IV 

5390-5230 

2.29-2.36 



V 

5040-4890 

2.45-2.52 

MnCla 

2.46 

VI 

4710- 

2.62- 

Aids 

2.66 


4400-4300 

2.80-2.87 

MgCL 

2.91 

Vitamin A concentrate. 

3.85* 

CaClj 

3.86 

Prevention of rickets. 

4.08-4.26 

CaHPO* 

4.20 


* Vitamin A concentrate, biosterin, is characterized by marked selective absorption at 
3,200 A. or 3.85 equivalent volts. It has been suggested that vitamin A plays a role through 
its oxidation-reduction action. 


O 

light-absorption bands in chlorophyll expressed as Angstroms and as equivalent 
volts. The hypothesis that life may have originated in the hydrosphere su^sts 
consideration not only of the exothermic reactions in the formation of metallic 
nutrient chlorides, since a preponderance of the Cl is found in tiie hydrosphere, 
but also of the absorption bands in chlorophyll, which are very probably di- 
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rectly related to the endothermic reactions in the synthesis of organic compounds. 
The very close correlation between the quality of energy absorbed by chlorophyll 
and the free-energy decrease in the formation of mineral chlorides, or the decom¬ 
position voltage, definitely suggests that certain metallic compounds may have 
been among Ihe primary light-energy-absorbing compounds in the genesis of 
primordial chlorophyll. Seemingly, the correlation between the quality of radiant 
energy absorbed by chlorophyll and the decomposition voltage of mineral salts 
is too close for coincidence. A close analysis of these relationships may conceiv¬ 
ably provide the key for interpretation of many of the complex reactions in 
photosynthesis. The absorption bands in chlorophyll definitely suggest that some 
minor metallic nutrient may have been involved in some of the chemosynthetic 
reactions which may have preceded the primordial chlorophyll. The radiant 
energy absorbed by chlorophyll is approximately the same as the decomposition 
voltage of certain nutrient salts; therefore, it seems logical to assume that absorp¬ 
tion of radiant energy by plants may result in reducing certain nutrient com¬ 
pounds to the elemental state. Such reduction in plants may provide a mechanism 
for transfer of energy at characteristic energy levels in the synthesis of organic 
compounds, affording an opportunity for different nutrient elements to form 
different compounds. 

It is also interesting to note that vitamin A concentrate, biosterin, is charac¬ 
terized by marked selective absorption of radiant energy at 3,200 A or 3.85 
equivalent volts, which is very close to the energy of formation or decomposition 
voltage of CaCh. The quality of ultraviolet radiation effective in preventing 
rickets is in close agreement with the decomposition voltage or the discharge 
potential of CaHP 04 . Laurens (34), in his comprehensive report on the physio¬ 
logical effect of radiant energy, has shown that the wave length of 2,968 A., 
equivalent to 4.16 volts, is most potent in the cure of rickets in rats, 3,020 A., 
equivalent to 4,09 volts, being perhaps one fourth as effective. 

ENERGY REQUIRBD IN REDUCTION AND ASSIMILATION OP SOME ANIONS AND 

EVOLUTION OP Oi 

Some of the possible steps in the energy of formation of nonmetallic complex 
anions are veiy probably definitely related to the quality of radiant energy 
utilized in chemo^thesis and photosynthesis. The anions in table 9 are arranged 
in order of energy required for initial reduction. The equivalent energy required 
for reduction and the release of 0 ranges from infrared to ultraviolet radiation, 
or from 0.85 to 3.79 volts and from 14,523 to 3,257 A. 

The energy required to release 0 from the various complex anions differs 
widely. The energy reactions involved in reduction of the 0 in complex anions 
and evolution of elemental O is one of the major processes in photosynthesis. 
It has been observed that some bacteria can reduce certain materials to the 
elemental state (27, 58). Formation of elemental S, N, H, and 0 in plants illus¬ 
trates some of the typical reduction reactions very probably occurring in chemo- 
synthesis and photosynthesis. 

Leeper (35) has criticized the concept that there is a correlation between the 
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relative strength of ions as indicated by the standard oxidation-reduction poten¬ 
tials and the initial intensity of absorption and utilization of nutrients by many 
plants. A systematic arrangement and a critical consideration of available in¬ 
formation on the chemical composition of a wide variety of plants grown over a 
wide range in soil and climatic conditions ^ould be sufficient to suggest to any¬ 
one the relation between the relative strength of nutrient ions and the content 
of some nutrients in plants. Leeper suggests that the relationship holds for K, 
Mg, and Fe, but does not hold for Na. Since different plants vary widely in Na 
content, probably depending upon a differential in the effectiveness of their 
characteristic phylogenetic Na-tolerance mechanisms, it is necessary to desig¬ 
nate the plant under consideration before concluding that Na is an exception. 
His statement indicates a lack of imderstanding of the content and fimction of 
Na in the nutrition of many plants. 

TABLE 9 


Approximate equivalent energy required for reduction of anione, expressed as color of light 
radiation, wave length of radiation, in Angstroms and voUs* 


OXIDIZED ION 

EQUIVALENT SEDUCIZON ENEEGY 

EEDUCED ION 

Color radiation 

Angstroma 

Volts 

HSeOr 

Infrared 

14,523 

0.85 

HSeOr 

NOr 

Infrared 

11,767 

1.05 

NO,- 

TeO- 

Infrared 

8,398 

1.47 

TeO,- 

BO,— 

B«d 

6,935 

1.78 

BOr 

H 2 ASO 4 ’’ 

Orange 

6,235 

1.98 

HjAsO,”' 

HSOr 

Blue 

4,672 

2.70 

HSOr 

HCO,- 

Violet 

4,332 

2.85 

HCOr 

HjPOr 

Ultraviolet 

3,685 

3.35 

HaPOr 


Ultraviolet 

3,267 

3.79 

H,POr 


* Oxidized ion + equivalent redaction energy = reduced ion H-iOj. 


Leeper’s interpretation of the relationships under consideration is revealed in 
the following quoted statement: “Theoretically this rule does not make sense, 
since these elements are not in the metallic state at any time.” It is surprising 
that one posing as a competent critic seemingly has not taken into consideration 
the general application of the Law of the Photochemical Equivalent resulting 
in the appearance of elemental materials such as S, N, H, and O in the plant from 
chemossmthetic and photo^thetic processes (27, 58). 

Because many nutrients are solids in the elemental state and cannot be evolved 
like those that are gases is not sufficient evidence of any significant difference in 
the initial energy reaction involved in assimilation of the different nutrients. 
O* is classified as one of the most strongly electronegative elements. A relatively 
high quality of energy is required to force the valence electrons from the ionic 
state to form elemental 0. There is very little theoretical reason to doubt that 
other less electronegative nutrient elements would undergo similar thermody- 
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namic reactions to that of O, which has a relatively stable molecular structure 
and is capable of being readily evolved as a gas in photosynthesis. Since all the 
statements on the subject imder consideration can be verified from existing 
information, further attention to a criticism that offers no constructive sugges¬ 
tions on the relationships involved does not seem worthwhile. 

It is interesting to note that, in large quantities, all of the anion compoxmds 
above the SO 4 ion in the grouping in table 9 are toxic to animals. In some in¬ 
stances the toxicity may be related to the unsaturated reduced anion, which may 
react like the unsaturated reduced COs ion in forming stable compounds with 
constituents of blood or other tissues. Any anion that can be readily reduced by 
the animal ^stem may be toxic, particularly when consumed in relatively large 
quantities ( 53 ). The intensity of the energy necessary for reduction of HSO4”, 
COs”, and HPO4” is too high to allow ready reduction by the animal system. 
P 04 “ Ha is the most energy-stable anion in the group. This stability makes 
PO4” Ha one of the most difficult anions to assimilate. In most nutritional com¬ 
plexes it is desirable to have P in less energy-stable compounds than CaHP04 
to ensure efficient synthesis of this element by many types of organisms. The 
relatively large quantity of energy required for reduction of PO4 ions suggests 
the significance of P in the sjmthesis of organic compounds capable of supplying 
relatively large quanta of energy in digestion and respiration processes. Some 
common bond-energy values that might influence such relationships have been 
smmnarized by Hemick (60). 

The less energy-stable compounds would very probably be the most satis¬ 
factory source of energy for some of the chemo^thetic processes in obligate 
autotrophic bacteria in soils. The chemosynthetic reactions in facultatively 
autotrophic organisms very probably take place at a higher energy level than is 
characteristic of intensity of energy utilized by the autotrophic organisms. 
Harvey (27) has suggested that the facultatively autotrophic organisms may be 
the connecting link between the autotrophic and the more abundant hetero- 
trophic bacteria. 

The relatively low intensity of energy, equivalent to infrared light, required in 
initial reduction of nitrates suggests that N assimilation may occur at relatively 
low energy levels as compared with the COs ion, which requires energy of quality 
equivalent to violet light. Burstrom (5, 6) reported on the energy values involved 
in NOs assimilation. The relative quality of energy utilized in chemosynthesis 
and photosynthesis may be a very significant factor in determining survival or 
predominance of certain types of organisms. The relative significance of the 
quality of energy involved in such a reaction is illustrated by the very high NO3 
content of many common vegetables found on the markets, as reported by Wilson 
(61). The danger of accumulation of toxic quantities of nitrates in food plants 
may have a very significant effect upon the general health and nutrition of farm 
animals and man. Many commercial growers believe that heavy applications of 
NO3-N are effective in reducing insect injury to some vegetable crops. In certain 
cases the decrease in injury may be related to the accumulation of sufficient 
soluble unassimilated metallic nitrates in the plant sap to be toxic to some insects. 
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As suggested by Harvey (27), the assumption of a photosynthetic function by 
plants has led to major developments in the organic world. The predominance of 
C synthesis in higher plants seems to have resulted in a loss of ability to fix 
atmospheric N, Since the acquisition of N compounds is one of the major factors 
limiting plant growth, failure to retain the N-fixing capacity may be considered 
a distinct loss to the higher plants. It seems that retention of this ability must 
have been incompatible with the performance of some other important function, 
such as photosynthesis or the increased efl&ciency in C assimilation at a higher 
energy level than is necessary for assimilation of N. It has been noted that 
certain bacteria which produce H under anarobic conditions also fix atmospheric 

TABLE 10 


Some common equivalent oxidation-reduction reactions occurring in certain physiological 
processes that take place on approximately the same energy level* 


MACnON AND EQUIVALENT ENERGY (VOLT-PAEADAYS) INVOLVED 

EQUrVAIENT LIGHT ENERGY 

Angstroms 

Color 

NO 3 - 

NO 2 - 

+ 

0 

+ 

1.05 

11,757 

Infrared 

H 2 O “h 0 = 

H 2 O 2 



+ 

1.03 

11,985 

Infrared 

CuCh 

Cu 

+ 

2C1 


1.02 

12,103 

Infrared 

M 11 ++ 

Mn*^ 




1.07 

11,537 

Infrared 

BOs « 

BO 2 - 

+ 

0 

+ 

1.77 

6,974 

Red 

FeCla 

Fe 

+ 

2C1 

+ 

1.80 

6,858 

1 Red 

H2As04“ = 

H2AsOg’“ 


0 

+ 

1.98 

6,235 

Orange 

CrCU 

Cr 

+ 

2C1 

+ 

1.92 

6,430 

Orange 

HjCOj- « 

H 2 CO 2 - 

+ 

0 

+ 

2.85 

4,332 

Violet 

MgCU = 

Mg 

+ 

2C1 

4- 

2.91 

4,316 

Violet 

HsPOr = 

H 2 PO,- 

+ 

0 

+ 

3.35 

3,685 

Ultraviolet 

CaC204 = 

Ca 

+ 

C 2 O 4 

+ 

3.35 

3,685 

Ultraviolet 

H 2 PO 3 - = 

H 2 PO 2 ” 

+ 

0 

+ 

3.79 

3,257 

Ultraviolet 

CaCl 2 

Ca 

+ 

2C1 

+ 

3.86 

3,198 

Ultraviolet 

CaHP 04 decomposition potential. . 


.4.20 

2,939 

Ultraviolet 

Effective rays in preventing rickets 


.4.16 

2,968 

Ultraviolet 


* These values were obtained from International Critical Tables 5:169-207.1929. 
Approximate equivalent energy in solar spectrum ranges from 0.41 to 4.20 volt-Fara- 
days, which is equivalent to 30,000 to 2,900 A. 


N. If the fixation of atmospheric N, which is at a relatively low energy level, is 
dependent upon essentially anaerobic conditions in the cell, it may be perceived 
that higher plants must have necessarily lost this ability when they began photo¬ 
synthesis and the liberation of O 2 . It should be noted that if the higher plants, 
with their efficient assimilation of CO 2 , had retained or acquired the capacity to 
utilize atmospheric N, the almost unlimited supply of this N, which constitutes 
about 78 per cent of the atmosphere as compared with the 0.03 per cent of CO 2 , 
would have soon tied up all the CO 2 available for plant growth. 

Values in tables 1, 9, and 10 show that the energy of formation of MgCl 2 and 
the energy required for reduction of COs” “ are practically identical- This is an 
interesting relation, as Mg is a constituent of chlorophyll and apparently func- 
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tions in the synthesis of C compounds. It has been generally assumed that the 
initial energy reaction in the synthesis of C is the reduction of the HCOs” and 
the liberation of O 2 . Van Niel (67, 58) has directed attention to oxygen isotope 
studies which show that O 2 evolved in certain photochemical reactions comes from 
H 2 O and not from HCOs^. The energy values in table 1 show a theoretical de¬ 
composition voltage of 1.23 for H 2 O, which is much less than the 2.86 volts 
required for reduction of HCXls*”. These energy values would definitely support 
Van NiePs suggestion that photosynthesis of green plants represents an oxida¬ 
tion-reduction process induced by light and proceeding with the participation of 
special pigments in which CO 2 is the ultimate H acceptor and H 2 O the H donor, 
resulting in evolution of the O 2 from the H 2 O. 

Some exothermic and endothermic reactions characteristics of certain 
nutrient com/pounds 

The relation between the exothermic reaction in the formation of metallic 
nutrient compounds and the endothermic reaction in the reduction of certain 
anions is included in table 10. The approximate free energy decrease in the forma¬ 
tion of certain metallic compoimds and the free energy increase in the reduction 
of some anions may be definitely related to the essentiality of certain nutrients 
for some plants, as suggested by Steinberger (66). It is interesting to note the 
relatively low energy level at which NOs"* is reduced. Some of the energy reactions 
occurring at comparable levels are the formation of H 2 O 2 , the change of Mn" " 

to Mn-, and the free energy increase in the formation of CuCh. The fact that 

Cu and Mn deficiencies in plants are most likely to occur on soils relatively high 
in nitrates may be partly due to the solubility of the nitrates of these metals, 
which may result in their loss from the soil in drainage water. The close agree¬ 
ment between endothermic energy required for reduction of these anions and the 
exothermic energy of formation of metallic salts suggests that several energy 
reactions may be occurring at levels comparable to the endothermic energy ab¬ 
sorbed by chlorophyll in the synthesis of organic compounds. Burstrom (6) 
has pointed out the relation between Mn and assimilation of NOs. 

In the forward movement in the scale of plant evolution, the complexity of the 
organic systems gradually increases. Production of lignin, which is apparently 
synthesized at a relatively high energy level, allowed expansion of land plants to 
great size, enabling them to spread into the air large surfaces capable of photo¬ 
synthesis. Production of bone primarily from Ca, P, and F at a higher energy 
level than lignin represents an advancement in the animal kingdom comparable 
to production of lignin by plants. The thermodynamic characteristic of the con¬ 
stituents of bones suggests that bone material is synthesized at an energy level 
near the upper limit of solar radiation; in other words, animals have utilized for 
bone structure the most energy-stable compounds that could be readily S 3 mthe- 
sized by the energy available in sunlight. An unfavorable combination of the 
more energy-stable compounds utilized may lead to disturbances in the synthesis 
of bone, resulting in rickets and other unsatisfactory conditions, unless the opti¬ 
mum quality of radiant energy or the equivalent quality of energy from the diges¬ 
tion and oxidation of organic compounds is available. 
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Since many of the synthetic reactions can occur either from absorption of a 
single quantum of energy or from absorption of the equivalent quality of energy 
in two or more quanta reactions, the rate or efficiency of synthesis may not meet 
the optimum growth requirements of the organisms. These relationships indicate 
that evolutionary advancement in organisms is more definitely related to effi¬ 
ciency of synthetic reactions than to mere capacity of synthesizing any particu¬ 
lar products. 

In our consideration of many important biological reactions, probably too 
much emphasis has been placed on ability to produce certain reactions rather 
than on efficiency in the production of material. Plants with the most efficient 

TABLE 11 


Cathodic and anodic overvoltage values for hydrogen and oxygen with different metal electrodes 
and approximate decomposition voltages of aqueous solutions with the evolution of hydrogen 

and oxygen 


EUBCtSODE 

OVESVOLTA 6 E IK VOLTS 

SmOCATZOK 
PLUS 1.2 VOLTS 

POE WATER* 

(^tho§e 

Oxygen 

anode 

Summation 

Platinized platinum. 

0.00 

0.25 

0.25 

1.45 

Iron. 

0.08 

i 

0.25 

0.33 

1.53 

Smooth platinum. 

0.09 

0.45 

0.54 

1.74 

Nickel. 

0.21 

0.06 

0.27 

1.47 

CoDDer. 

0.23 

0.05 

0.28 

1.48 

Cadmium. 

0.48 

0.43 

0.91 

2.11 

Lead. 

0.64 

0.31 

0.95 

2.15 

Zinc. 

0.70 

Mercury. 

0.78 









* The discharge potential for water of 1.2 volts is the theoretical reversible electro¬ 
motive force of the hydrogen-oxygen cell. The approximate decomposition voltage for any 
combination of electrodes of any aqueous solution resulting in the evolution of hydrogen 
and oxygen is equivalent to the summation of the overvoltage of hydrogen and oxygen on 
the different electrodes plus 1,2 volts, which is the theoretical reversible decomposition 
voltage of HiO. 

photosynthetic mechanisms and animals with the most efficient bone-synthesis 
mechanisms are likely to be among the dominant organisms. 

Overvoltage effects in nutrition 

The cathodic and anodic overvoltages reported by Glasstone (25) for H and 0 
on different electrodes (table 11) may be of significance in interpreting some of 
the endothermic reactions in photosynthesis. The overvoltages vary with the 
nature of the electrode surface, as shown by smooth and platinized Pt. The 
approximate decomposition voltage for any combination of electrodes of aqueous 
solutions resulting in evolution of H 2 and O 2 is equivalent to the summation of 
the overvoltage values for H and 0 on the different electrodes plus 1.2 volts, 
which is the theoretical reversible decomposition voltage of H 2 O. These values 
suggest that there may be a differential in the relative discharge potential of 
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the H ions in combination with different metals. Certain metals may increase 
the discharge potential of the H ions and enable these ions to enter into organic 
combinations at a higher bond-energy value than the theoretical discharge poten¬ 
tial of 1.2 volts for the simultaneous liberation of H 2 and O 2 from water. 

The overvoltage values for 0 would also very probably result in entry of the O 
into organic combinations at relativdy higher bond-energy values rather than 
when discharged as a gas at the theoretical decomposition value for H 2 O. Data 
in table 9 show considerable variation in intensity of the binding of 0 in different 
oxidized anions, ranging from 0.85 volts for the Se 04 to 3.79 volts for the POa ion. 

Some of the significant functions of certain of the minor mineral nutrients may 
be definitely related to relative energy levels in different combinations at which 
the H and 0 ions are discharged, resulting in the evolution of H 2 and O 2 . 

Possible function of certain minor nutrients 

Since many of the energy reactions in photosynthetic processes result in the 
discharge and evolution of O 2 , it is helpful to consider some decomposition volt¬ 
ages and discharge potential values in common use by electrochemists. The 
electrochemist utilizes the overvoltage value for H on different metal electrodes 
included in table 11 in electroplating and other processes where it is desirable to 
increase the discharge potential of H ions. The overvoltage values for 0 also 
show that there is a differential in the strength of the 0 ions with different metal 
electrodes. 

These H and 0 overvoltage values on different electrodes may be very signifi¬ 
cant in determining some of the specific fimctions of such minor nutrients as 
Mg, Zn, Fe, Co, and Cu, which have a differential electrode effect upon the rela¬ 
tive strength of H+ and 0” These materials may increase the relative strength 
of H and 0 ions, which would permit these elements to enter organic compounds 
at a higher energy-bond strength than would be possible if the 0 were discharged 
as a gas at the theoretic discharge potential of H 2 O, as shown in tables 1,9, and 11. 

All the energy values discussed in this paper definitely suggest that those 
interested in investigating the fundamental phases of soil fertility a*ud plant and 
animal nutrition will have to become more familiar with thermodynamics, elec¬ 
tromotive force, electrochemistry, photochemistry, and spectroscopy. Use of 
available information in the physical sciences could lead to very rapid progress 
in biology in the near future. If, for example, there is a differential in the strength 
of the H and 0 ions in combination with the different minor plant nutrients, as 
might be inferred from certain electrochemical reactions, these differences may be 
useful in investigating the energy values of the bonds between these and other 
atoms in photochemical processes occurring in the s 3 mthesis of organic compounds 
possessing different energy and nutritive values. 

Some possible light energy fadors influencing the nutritive value of foods 

The energy reaction in photosynthetic processes resulting m reduction and 
evolution of 0 suggests the desirability of considering the relation of energy 
evolved in the decomposition voltage and discharge potential of other nutrient 
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compounds. If such a strong electronegative element as 0 is discharged and 
evolved as a gas in photosynthesis, there are reasons for expecting similar energy 
reactions to occur in solid anions, which cannot be evolved as a gas in photosyn¬ 
thetic reactions. The energy required for reduction of different anions and evolu¬ 
tion of O (table 9) shows that there is a differential in the intensity of the energy 
binding the 0 in the different anions. These thermodynamic values would defi¬ 
nitely suggest that comparable oxygen-energy bonds would be expected in or¬ 
ganic compounds. If the nutritionist is to determine the specific function of many 
of the food constituents, such as the various vitamins, he will very probably have 
to consider the specific quality of the bond energies or the intensity of the various 
oxidation-reduction reactions in nutritional processes. 

Since some of the exothermic energy reactions occurring in the formation of 
certain nutrient compounds from elements are in very close agreement with the 
light-absorption bands in chlorophyll, or the endothermic reactions occurring in 
photosynthetic processes, it is desirable to consider the possible effects of the 
relative strength of ions utilized by plants on the quality of light required in 
photosynthesis and the nutritive value of the different organic compounds 3301 - 
thesized from absorption of the different qualities of light energy. Very probably, 
plants requiring a relatively large quantity of the stronger nutrient ions for opti¬ 
mum growth will be intolerant of shade and will require light of relatively high 
quality comparable with the strength of ions required for growth. Conversely, 
plants making optimum growth with a relatively small quantity of strong ions 
and more of the weaker ions would be expected to be tolerant of shade and to 
make optimum growth with relatively low quality and intensity of light. It 
would be expected that the relative bond-energies in some of the organic com¬ 
pounds would be definitely related to the quality of light utilized in their synthe¬ 
sis. Therefore, plants utilizing strong ions would be expected to require strong 
light which would synthesize organic compounds with corresponding bond-energy 
values. These compoimds would be expected to supply a corresponding quality 
of energy to animals in digestive and oxidation processes. Plants utilizing weaker 
ions and a relatively low quality of light in photosynthesis would be expected to 
supply a correspondingly low quality of energy to animals. 

SUMMARY 

The energy properties of plant nutrients are very useful in stud 3 dng problems 
of soil fertility and plant nutrition. The average quantities of the different ele¬ 
ments found in a wide variety of plants and the relative strength of ions are very 
closely correlated. The nutrient content of plants and the relative strength of 
ions seem to be much more closely correlated than are the nutrient content and 
the concentration of ions in the nutrient medium, as expressed in the percentage 
saturation of soil colloids. 

That the chemical composition of specific plants may vary widely from the 
average of a large number suggests selective absorption and selective exclusion 
of certain combinations of elements by some plants. Certain of the selective 
processes of cultivated plants may be considered as related to phylogenetic 
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tolerance mechanisms to protect the plant from excessive quantities of given 
elements. The selective accumulation of nutrients by plants seems to be corre¬ 
lated with the inactivation of the excess elements in insoluble compounds, such 
as in the formation of malates, oxalates, pectates, and other relatively low energy 
value organic compounds capable of neutralizing excessive cations that may have 
been present in the native habitat of the plant. Some of the crops in the legume, 
mallow, and night-shade families selectively accumulate Ca and Cl and selec¬ 
tively exclude Si. 

The selective exclusion tolerance mechanism existing in some plants seems to 
be very different from the selective accumulation mechanism. Plants in the grass 
family seem to accumulate K and Si and selectively exclude Ca. The selective 
exclusion of Ca by carbonaceous crop plants may be related to lack of capacity 
to maintain an abundant supply of CO 2 available for carbohydrate synthesis m 
the presence of excessive quantities of Ca. By excluding the Ca, the plant may 
maintain a more favorable supply of CO 2 for photosynthesis. 

The varying quantities of the different nutrients and the large number of ele¬ 
ments found in crop plants suggest the desirability of considering a more com¬ 
plete nutrient supply in our fertilizer program. The conventional N, P, and K 
fertilizer combinations are often very inadequate on a number of the humid 
climate, heavily fertilized soils utilized for production of fruits, vegetables, and 
other crops of high acreage value. 

It seems highly probable that some of the functions of the different plant 
nutrients are related to their energy properties and to their capacity to enter into 
oxidation-reduction reactions at definite energy levels. The exothermic reactions 
in the formation of certain nutrient compounds are in close agreement with 
the absorption bands in chlorophyll or with the endothermic reactions in 
photosyntiiesis. The quality of the radiant energy utilized by plants in the 
photosynthetic reactions may be related to the quality of the food compounds 
synthesized. Plants using relatively strong light, or the shorter wave length, 
may synthesize organic compounds that will supply a comparable quality of 
energy in oxidation and digestion. 

The quality of the energy required in reduction and in assimilation of the 
nutrient anions varies widely. Synthesis of N can apparently take place at a 
relatively low energy level as compared with C and P. The specialization in N 
fixation by soil organisms not exposed directly to radiant energy in sunlight and 
the eflSicient assimilation of C by higher plants with a special structure to utilize 
radiant energy illustrate two assimilation reactions at very different energy 
levels. P and F, which are the principal anion materials in bones, very probably 
require a higher quality of energy in their assimilation than does C. 

Production of proteinaceous and carbonaceous crops may be related to the 
relative quantities of N and C available in plants for assimilation. The selective 
exclusion of Ca by some of the carbonaceous crops may be related to capacity of 
Ca to lower the availability of CO 2 in the plant. 

The selective accumulation of Mg and P in seeds, fruits, tubers, roots, and 
other storage tissues concerned with reproduction of the plant may be related 
to the energy stability of the P compounds. (Mg) 3 (P 04)2 is probably the most 
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stable compound that could be readily assimilated by the energy available in 
respiration and oxidation reactions. 

The overvoltage values encountered in electrochemistry suggest that one of 
the principal functions of the minor nutrient elements may be to increase the 
decomposition voltage of aqueous solutions. These values suggest that there 
may be a differential in the relative discharge potential of H and O in combina¬ 
tion with different metals. Certain metals may increase the discharge potential 
of and enable these ions to enter into organic combinations at a higher energy 
level than would be possible at the theoretical discharge potential of 1.23 volts 
for H 2 O with simultaneous liberation of H 2 and O 2 . The overvoltage values for 
O would also very probably result in entry of the 0 into combinations at a higher 
energy level than when discharged as a gas at the theoretical decomposition 
voltage for H 2 O. 

Seemingly, the energy properties will have to be considered in understanding 
some of the specific functions of plant nutrients. Acceptance of the hypothesis 
that the energy properties of nutrients affect the intensity of their absorption 
and the energy required in their assimilation would logically suggest many other 
phenomena concerned with organic synthesis and nutrition, such as the quality 
of radiant energy required in assimilation of ions of different strengths and the 
food value of organic compounds synthesized by the various qualities of energy. 
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AN EXPERIMENTAL EVALUATION OF ION-EXCHANGE 
RELATIONSHIPS! 

C. KRISHNAMOORTHY and ROY OVERSTREET 
University of California 
Beoeived for publication, June 4,1949 

In a recent examination of the theory of ion-exchange equations for clays and 
synthetic resins (4) it was concluded that an expression based on the statistical 
thermodynamics of Guggenheim (2) and adapted for ion-exchange materials by 
Krishnamoorthy, Davis, and Overstreet (3) was the most general and satis¬ 
factory from the theoretical standpoint. In the present research, a number of 
the ion-exchange formulations that have been proposed were subjected to experi¬ 
mental test. 

Since ion-exchange equations are equilibrium expressions, it was judged inap¬ 
propriate to test them experimentally with adsorbents in which the ion-exchange 
process is irreversible or in which equilibrium conditions do not prevail. Also, 
it was thought probable that valid results could not be obtained with substances 
composed of mixtures of widely different types of adsorbents. 

With these considerations in mind, experimental materials were selected that 
were believed to be mineralogically pure or were characterized by a single class 
of active groups. Moreover, by preliminary experiments it was ascertained that 
conditions of complete equilibrium and reversibility of the exchange reactions 
prevailed for all of the ions studied. Also, since radioactive isotopes (K^, Rb®®, 
Cs!®^, and La^^®) were employed in many of the studies, it was made certain that 
complete isotopic equilibrium was attained for all ions concerned. 

The substances selected on the basis of the foregoing conditions consisted of 
one bentonite, three synthetic resins, and three soil colloids. The ion-exchange 
equations receiving special consideration were those of Vanselow (5), Gapon (1), 
and the one based on the theory of Guggenheim (3) and referred to in this paper 
as the “statistical equation.” 

EXPERIMENTAL MATERIALS AND METHODS 

The natural bentonite used in the investigation was a sample^ from Utah. 
It has an exchange capacity of about 130 me. per 100 gm. oven-dry material. 
The silica-sesquioxide ratio as determined by fusion analysis of the <1 p frac¬ 
tion is 4.20. The dehydration curves and differential thermographs are charac¬ 
teristic of a typical montmorillonite mineral. The flocculation properties of the 
material are excellent; a 0.1 S concentration of CsCl or a 0.5 S concentration of 
LiCl flocculates a 1 per cent suspension of the clay completely. 

^ Taken from a thesis submitted by the senior author in partial fulfillment of the require¬ 
ments for the degree of doctor of philosophy in soil chemistry, 1949. 

® Obtained through Prof. D. W. Thorne of the Agricultural Experiment Station at Logan, 
Utah. 
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The synthetic resins used® were “IR1,” “IR100,” and ‘Ton X.” The resin IR 1 
contains SO3H, COOH, and OH groups; IR 100 contains SO3H and OH groups; 
and Ion X contains SO3H groups only. By titrating the hydrogen forms of IR 
1 and IR 100 to pH 7.0, only the SO3H and COOH groups can be saturated and 
the phenolic groups are essentially nonfunctional. 

In addition to the aforementioned materials, clays from the Yolo, Hanford, 
and Aiken soil series were used to make the investigation more general. The 
x-ray diffraction patterns of the Yolo clay show it to be predominantly mont- 
morillonitic. On the same basis Hanford clay is of the hydrous mica type and 
Aiken clay is kaolinitic in character. 

In the preparation of the clay suspensions, particles of less than 1 fx size were 
obtained by sedimentation methods, flocculated by electrodialysis, and then 
treated with H 2 O 2 to remove the organic matter. The organic-matte]>-free clay 
was then electrodialyzed until the cathode chamber gave only a slight test for 
bases. The H-clay thus prepared constituted a stock suspension. Clays contain¬ 
ing a given ion in the adsorbed state were prepared by adding the chosen cation 
as the hydroxide. In the case of the bentonite, which contained very little organic 
matter, the H 2 O 2 treatment was omitted. 

Preparation of the synthetic resin samples differed somewhat from the pro¬ 
cedure adopted for the clay and bentonite suspensions. Since the resins are very 
coarse and can be easily washed, the hydrogen form of the resin was prepared in 
every case by repeated treatment with 5 N HCl until ail adsorbed cations had 
been replaced by H. Following this, the resin was repeatedly washed with water 
until free from HCl. Other forms of the resin were prepared from the H-form by 
neutralization with the required bases so that the resulting resin was approxi¬ 
mately 95 per cent saturated with the desired ions. 

For the exchange experiments, known volumes of clay suspensions or given 
weights of resin were added to solutions containing the desired electrolytes. The 
final volume in almost all cases was made up to 100 ml. The mixture was then 
equilibrated by shaking for 48 hours. Although preliminary experiments showed 
that almost complete equilibrium (99 per cent) was attained in a few minutes, 
the 48-hour period was adopted as further assurance. The equilibrated suspen¬ 
sions were then centrifuged. The suspensions were never filtered through papers 
or porcelain candles because of possible uptake of ions by the paper or candles. 
The supernatant liquids were analyzed by accepted procedures, and the amounts 
of ions remaining adsorbed on the exchange materials were obtained by difference. 

Where radioactive isotopes were used, the results were corrected for mass 
absorption and coincidence errors. The mass absorption corrections were con¬ 
siderable for the soft radiations of Ca^® but were not important for the energetic 
radiations of and La^^®. 

In the calculation of equilibrium constants the amounts of ions at equilibrium 
were all expressed in terms of miUiequivalents per 100 ml. The quantities 

® The resins IR 1 and IR 100 were obtained from Rohm and Haas Company, The Resinous 
Products Division, Washington Square, Philadelphia 5, Pennsylvania. The substance Ion 
X is the resin Dowex fiO, 20-40 mesh, manufactured by the Dow Chemical Company, Mid¬ 
land, Michigan. 
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[Ca + Cj + Cc • • •] and + qsCB H-]—terms which occur in Vanselow's 

equation and in the equation based on Guggenheim^s statistics—^were expressed 
in terms of millimols per 100 ml. With the exception of these two terms, the 
equilibrium constant is independent of the units in which the concentrations 
are expressed. 

Wherever necessary, the exchange constant between a pair of ions has been 
corrected for the activity of the ions in solution by means of the principle of 
ionic strength. For ions of equal valency and where the ionic strength is not 
greater than 0.05, this correction is often negligible, amoimting to only a few 
per cent. 


EXPEKIMENTAL RESULTS 

The most simple ion-exchange system is one that contains a single pair of 
monovalent cations only. All exchange equations proposed so far became identical 
for a monovalent-monovalent ion pair and assume the form 

, _A{ad) jB+ 7 zb" (SCI) 

^ A+ ‘ B{ad) * 7 =b 2 (A Cl) 

where the suffix {ad) refers to the adsorbed state and the 7 dz values are the 
mean activity coefficients of the salts of the two ions in solution. 

The foregoing constant for a number of monovalent-monovalent ion pairs 
was determined for the experimental materials selected. In all cases the rela¬ 
tionship was obeyed regardless of how the equilibrium was approached; that is, 
either by starting with pure A {ad) and adding B Cl or by starting with pure 
B{ad) and adding A CL In these studies 1 to 2 me. of the adsorbent was equi¬ 
librated with 0.1 to 5 me. of electrolyte in 100 ml. A summary of the constants 
obtained is given in table 1 . In the table the constants are calculated with refer¬ 
ence to ammonium ion; that is 

^ _ A^iacO omt) 

(A+) ■ NH 4 (ad) 

where the terms in parentheses denote activities and all other terms refer to 
concentrations measured either as millimoles or as mUliequivalents per unit 
volume. Specifically the constants pertain to the reaction 

NH 4 -clay + A Cl A-clay + NH 4 CI 

In the case of divalent-divalent ion pairs the different ion-exchange theories 
result again in the same expression, which is very similar in form to that for 
monovalent-monovalent pairs. A number of such reactions were studied by 
adding divalent cations as the chlorides to the calcium form of the adsorbent. 
The values for the constant, 

, _ A(od) (Ca'^) 

(A++) ■ Ca (od) 


are presented in table 2 . 
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Values of the constant k 


Ajad) 

U+) 


TABLE 1 
WF4+) 


NHi(ad) 
of adsorbents 


for various monovalent cations and a number 


ADSORBENT 

CXASS 

CATION A* 

h 

Utah bentonite 

Aluminosilicate 

Li 

0.042 



Na 

0.21 



K 

1.29 



Rb 

3.19 



Cs 

14.60 



Ag 

0.36 

Yolo clay 

Aluminosilicate 

Na 

0.30 



1 ^ 

1.01 



Rb 

2.34 



Cs 

8.40 

Hanford clay 

Aluminosilicate 

Na 

0.17 



K 

1.16 



Rb 

3.30 

Aiken clay 

Aluminosilicate 

Na 

0.195 



K 

1.85 



Rb 

3.60 

mi 

Synthetic resin 

Li 

0.46 



Na 

0.69 



K 

1.06 



Rb 

1.41 



Cs 

2,13 

mioo 

Synthetic resin 

Li 

0.30 



Na 

0.63 



K 

1.03 



Rb 

1.66 



Cs 

3.45 

Ion X 

Synthetic resin 

Li 

0.68 



Na 

0.78 



K 

1.05 



Rb 

1.28 



Cs 

1.66 



Ag 

3.70 


For monovalent-divalent ion pairs, the base-exchange equations do not have 
the same fonn. That is, for an exchange reaction between NH4 and Ca, for 
example, the equations are as follows: 


, NH4(ad) (Ca++)t 
Gapon: h = 
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NH* (od)* (Ca++) 

Vanselow: k = (od) -|- NH 4 (od) -h • • •] 

1 I NEUW _ (Ca++) _ 

btatistieal: K - + NH* (od) + • ■ •] 

where the quantities in parentheses denote activities. 

These equations have been derived from different assumptions concerning the 
“activities of ions” in the adsorbed state. To test them, it is desirable to adjust 
the experimental conditions so that the proportions of the adsorbed ions will 


Values of the constant k 


A{ad) 


TABLE 2 
(Ca++) 


(A++) Ca(ad) 


for divalent cations and a number of absorbents 


ADSOSBENT 

CXASS 

CATION A** 

k 

Utah bentonite 

Aluminosilicate 

■ Mg 

0.92 



Sr 

1.10 


i 

Ba 

1.24 



Cu 

0.88 



Pb 

1.40 

Yolo clay 

Aluminosilicate 

Mg 

0.70 



Sr 

1.85 



Ba 

1 1.80 

IRIOO 

Synthetic resin 

Mg 

0.52 



Sr 

1.80 



Ba 

3.10 

Ion X 

Synthetic resin 

Mg 

0.40 



Sr 

2.50 



i Ba 

5.40 



Pb 1 

4.00 



Mn] 





Zn 


0.44 



Cu j 




vsivy over a wide range. In general, the monovalent ions commonly studied, such 
as Na, NH4, K, are much less strongly adsorbed than the divalent ions. Because 
of this it is difficult in some cases to increase the amounts of NH 4 (ad), for ex¬ 
ample, beyond a certain point without using an excessively high concentration 
of the corresponding salt. If a monovalent ion, the adsorption energy of which 
is equal to or greater than that of the divalent ion, is employed, however, it is 
possible experimentally to cover the range of, say, 5 to 95 per cent saturation 
of the adsorbent with respect to the monovalent ion. For clay and bentonite 
systems, Rb and Cs ions have the required adsorption energies. For the resin 
IR 100, K ion can be used successfully. 

With the foregoing considerations in mind, a series of Cs-Ca equilibria were 
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studied for the Utah bentonite and the K-Ca equilibrium was investigated for 
the resin IR 100. The results together with the constants calculated according 

TABLE 3 

Ca-Cs equilibrium data on Utah bentonite < 1 m 
1 gm. clay =■ 1.025 me. used in each case- [Ca(ad) + H(ad) + Cs(ad)] and [li Ca(ad) -h 
H(ad) + Cs(ad)] are expressed as millimols per 100 ml. All other concentra¬ 
tions are expressed as milliequivalents per 100 ml. 


CsCoJ) 



Ca++ 

C^oi) 

tm 

Ih C&iad) 
4* HCod) 

-f- Cs (aa) 

y d=> CaCls 

h 

STATISTICAL 

k 

VANSELOW 

k 

GAPON* 

7 =fc *CsCl 

.1575 

.0425 

.820 

0.624 

.616 

.821 

.843 

10.74 

13.73 

5.05 

.232 

.068 

.754 

0.690 

.648 

.837 

.836 

10.65 

13.74 

5.32 

.303 

.097 

.686 

0.758 

.684 

.855 

.832 

10.48 

13.10 

5.61 

.371 

.129 

.616 

0.828 

.725 

.879 

.828 

10.48 

12.71 

5.92 

.436 

.164 

.548 

0.896 

.752 

.889 

.824 

10.71 

12.67 

6.19 

.503 

.197 

.488 

0.956| 

.785 

.904 j 

.821 

11.05 

12.80 

7.24 

.560 

.240 

.434 

1.010 

.810 

.918 1 

.817 

11.18 

12.67 

7.64 

.612 

.288 

.382 

1.062 

.836 

.931 

.814 

10.74 

11.96 

8.11 

.662 

.338 

.332 

1.112 

.862 

.944 

.812 

11.05 

12.13 

8.80 








10.78±0.21 

12.84±.46 



♦ Uncorrected for activity coefficients of ions in solution. 


TABLE 4 

Results of Ca-K equilibrium data on IB 100 


1 gm. resin =» 1,72 me. used in each case. [Ca(ad) -f H(ad) + K(ad)] and [IJ Ca(od) + 
H(od) -f K(od)] are expressed as millimols per 100 ml. All other concentrations are 
expressed as milliequivalents per 100 ml. 



K* 

C&iad) 

Ca++ 


fH 

£-h- 

I 


k 

STATISTICAL 

k 

VANSELOW 

k 

GA¬ 

PON* 

.468 

.542 

0.576 

.0128 

1.432 

1.576 

1 

.800 

8.08 X 10-* 

8.88 X 10-* 

.188 

.244 

.256 

0.771 

.0130 

1.334 

1.527 

.810 

8.12 X 10-* 

9.32 X 10-* 

.161 

.173 

.325 

1.008 

.052 

1.216 

1.4641 

.797 

7.97 X 10-* 

9.56 X 10-* 

.121 

.117 

.383 

1.150 

.175 

1.145 

1.432 

.789 

7.91 X 10-* 

10.20 X 10-* 

.111 

.089 

.411 

1.213 

.377 

1.113 

1,417 

.777 

8.00 X 10-* 

10.18 X 10-* 

Km 

.067 

.433 

1 

1.316 

.810 

1.064 

1.393 

.758 

8.20 X 10-* 

10.54 X 10-* 










(8.05=t.008) X 10-* 

(9.78±0.50) X 10-* 

j 


* Not corrected for activity coefficients of ions in solution. 


to the various equations are presented in tables 3 and 4. A compilation of the 
constants calculated by means of Guggenheim’s statistical theory for the NH 4 -Ca 
pair on various adsorbents is presented in table 5. 
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For the monovalent-trivalent ion pairs the exchange equations agains show 
differences in form. For example, for the Cs-La pair, 

Cs(ad) (La'^)*'* 

(Cs+)' 


Gapon: 


k = 


Vanselow: k = 


Statistical: k = 


Cs (ad)® 
■(Cs+)» 

Cs (^)® 
(Cs+)» 


La(ad) 

(La-^) 


La (ad) [La (ad) + Cs (ad) + 
(La-^) 


La (ad) [2La (ad) + Cs (ad) + • • •]* 


Here, as with monovalent-divalent equilibria, the choice of ions is important 
in testing the equations. Only those monovalent ions the adsorption affinities 
of which are very large are useful. 

Attempts to study the Cs-La equilibrium at pH values near 7.0 were rm- 
successful because in this range of pH, La either is precipitated in the mass of 


Vidues of the constant k 


TABKE 5 

NHi(.adi^ _ (Ca-^+) _ 

(NH4+)* ■ Ca(ai) [IJ Caiad) + NH^iad) + ...] 
ioTis absorbents 


ADSOHBENT 

CXASS 

k 

Utah bentonite 

Aluminosilicate 

.044 

Yolo clay <l/x 

Aluminosilicate 

.090 

Hanford clay <1 m 

Aiuminosilicate 

.085 

Aiken clay <1 m 

Aluminosilicate 

.184 

IR 100 

Synthetic resin 

.0070 

lonX 

Synthetic resin 

.0026 


the adsorbent or exists partly in the form of ions of valencies less than +3. 
In other words, if La is assumed to exist as a trivalent ion, the equivalents of 
La adsorbed exceed the equivalents of Cs released. On the other hand, it was 
found that at pH values of 3.0 and below lanthanum behaves normally as a 
trivalent ion. Because of this, the Cs-La equilibria were investigated by adding 
LaCls and CsCl to the hydrogen form of the adsorbent in such a way that the 
pH of the mixture was below 3.0. These experiments had the disadvantage that 
wide variations in Cs(ad) and La(ad) were unattainable. The results for Utah 
bentonite and IR 100 are given in tables 6 and 7. 

In most of the studies described thus far (Cs-La experiments excepted), 
only the pair of cations under consideration were present in appreciable amounts 
in the adsorbent and aqueous phases. A series of experiments were conducted 
to study the influence of a third or fourth cation on the exchange constant of a 
given pair. That is, the equilibrium constant between Cs and Ca was determined 
in the presence of large amounts of H, Na, K, and Ba ions. The results to¬ 
gether with the equilibrium constant calculated according to the three equations 
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are presented in table 8. The values for the equilibrium constant in the table 
may be compared with those of table 3. 

TABLE 6 

Results of the Cs-La eguilihrium on Utah bentonite < 1/1 


1.6 gm. clay = 1.93 me. used in all cases. DLa(ad) + Cs(ad) -f Bi{ad)] and [2 La(ad) + 
Cs(acZ) 4* H(acO] are expressed as millimols per 100 ml. All other concentrations are 
expressed as milliequivalents per 100 ml. 


CsCfld) 

C3t 

La(ad) 

La+++ 

La(ad) 

2 La iad) 

+ Cs(ad) 

+ H(ad) 

y =fc* LaQi 
y =fc«C8a 

k 

STATISTICAL 

k 

VANSELOW 

h 

OAPON* 

.339 

.129 

.0971 

.0071 

1.865 


.890 

.330 

.346 

5.20 

.320 

.148 


.0214 


1.867 

.868 



3.33 


.164 

.266 

.0462 

1.760 

1.845 

.861 

.293 

.307 

2.61 

.296 

.173 

.338 


1.706 

1.818 

.852 


.283 

2.16 

.284 

.184 

.403 

.1181 

1.662 

1.796 

.841 

.276 

.320 

1.88 

.275 

.193 

.462 

.1635 

1.622 

1.776 

.838 

.272 

.334 

1.56 


.200 

.509 

.220 

1.590 

1.761 

.823 

.277 

.337 

1.59 

.261 

.207 


.291 

1.570 

1.751 


.283 

.352 

1.64 

.266 

.212 


.348 

1.538 

1.734 


.278 

.352 

1.44 

.251 

.217 

.625 

.417 

1.614 

1.722 

.797 

.277 

.367 

1.38 

,246 

.222 

.665 

.491 

1.492 

1.711 

.788 

.274 

.361 

1.34 

.241 

.227 

.675 

.575 

1.480 

1.705 

.780 

.274 

.363 

1.31 








.274±.006 

.336d=.023 



* TJncorrected for activity coefficients of ions in solution. 


TABLE 7 

Results of the Cs-La equilibrium on IR100 

1 gm. resin « 1.72 me. [La(ad) + Cs((wi) 4* H(ad)] and [2 La(a<i) 4* CsCod) 4- H(ad)] are ex¬ 
pressed in millimols per 100 ml. All other concentrations are expressed as 
milliequivalents per 100 ml. 


SESIN 

C8(ad) 


La(<td) 

La+++ 

i 

LaM 

C8(ad) 

H&) 

2 

La^d) 

Cs^d) 

H(ad)l 

i 

0 

a 

41 

k 

STATISTICAL 

k 

VANSELOW 

k 

CA¬ 

PON* 

me. 

1.72 

.692 

.324 

0.521 

0.45 X 10-» 

1.372 

1.546 

.815 

2.86 X 10-* 

3.85 X 10-* 

.314 

1.72 

.373 

.389 

1.036 

7.0 X 10-» 

1.030 

1.375 

.800 

2.53 X 10-* 

4.51 X 10-» 

.177 

1.72 

.110 

.398 

1.222 

0.341 

0.906 

1.313 

.772 

2.64 X 10-» 

5.64 X IQr* 

.159 

1.72 

.090 

.418 

1.330 

0.775 

0.854 

1.287 

.742 

2.60 X 10-» 

5.90 X 10-« 

.149 

0.43 

.036 

.472 

0.281 

0.220 

0.242 

0.336 

.8 

130 

2.56 X 10^ 

4.92 X 10^ 

.164 

0.80 

.182 

.326 

0.501 

0.46 X 10-« 

0.526 

0.693 

.849 

2.78 X 10-» 

4.81 X 10^ 

.088 










(2.n=t:.12) X 10^ 

(4.88±0.68) X l(r» 



* Uncorrected for activity coefficients of ions in solution. 


On the basis of theoretical considerations described in a later section, it was 
concluded that in the case of adsorbents which are mixtures of two or more pure 
ion-exchange substances, exchange constants would not be obtained for any ion 
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pair even though the individual components of the adsorbent mixture give a 
good constant for a pair of ions. To demonstrate this, a mixture of Yolo and Aiken 
clays (in a constant ratio) and a mixture of Utah, Yolo, and Aiken clays and 

TABLE 8 

Influence of other ions (adsorbed or free) on the equilibrium constant between Cs and Ca on 

Utah bentonite 

Equilibrium amounts of ions given in terms of milliequivalents per 100 ml. Amount of 
_clay used for each system » 2.5 gm. per 100 ml. « 3.153 me. per 100 ml. 



H-cxay 
+ CaCli 
+ CsCl 

Nft-H-cLAy 

+ Caa2 
+ CsCl 

H-X-CLAY 
+ CaCls 
+ Csa 

H-Ba-OAV 
+ CaCla 
+ Csa 

C&(ad) . 

0.462 

1.158 

0.960 

0.660 

Cs(ad). 

0.806 

0.922 

0.984 

0.840 

IL(ad) . 

1.885 

0.633 


0.409 

Na(a(f). 


0.436 



K(ad) . 





B&(ad) . 




1.240 

H(ad) -|- E!(ad). 



1.209 


Ca-H-. 

1.118 

0.320 

0.620 

0.890 

Cs+. 

0.194 

0.078 

0.126 

0.160 

H+. 

1.312 

0.020 


0.204 

Na+. 


2.064 



K+. 





Ba-^. 




1.260 

H+ + K+. 



1.944 


y±‘(CaCls) 

0.795 

0.801 

0.795 

0.788 

^^^(CsCl) 





^8-ca: Statistical. 

10.93 

10.79 

10.78 

10.92 

^■-Ca: Vanselow. 

11.36 

12.01 

11.70 

1 13.27 

kcfu-oa: Gaoon. 

9.51 

5.78 

6.40 

1 7.51 


TABLE 9 

Equilibrium data for the NH-Ca exchange in mixed systems of Yolo and Aiken clays 


Each contained the following amounts of clays per 100 ml.: 1.175 gm. Yolo clay =■ 0.705 
me.; 7.050 gm. Aiken clay » 2.115 me. All concentrations are expressed in terms of 
milliequivalents per 100 ml. of suspension 


SYSTEM NUMBER 

NHiCad) 

NH4+ 

Ca(a4} 

Ca++ 

*• 

STAXISTICAX 

1 



0.313 

0.275 

0.088 

2 



0.508 

0.434 

0.112 

3 

mBm 


0.574 

0.543 

0.148 

4 

0.635 


0.804 

0.766 

0.203 


•Not corrected for the activity coefficients of the ions in solution. 


IR 1, IR100, and Ion X (in a constant proportion) were prepared. The ion- 
exchange constants in these preparations were then determined for the NH^rCa 
and Na-NH* ion pairs. The results are given in tables 9 and 10. 
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Because of the probability that adsorbed H ion in clays and synthetic resins 
is not completely dissociated, it was concluded in an earlier paper (3) that hy¬ 
drogen may not behave normally in exchange reactions. That is, none of the 

TABLE 10 

Equilibrium dcUafor the NHirNa exchange in mixed systems, of clays and synthetic resins 
Each contained the following amounts of adsorbents per 100 ml.: 0.20 gm. IR100 ■» 0.344 
me.; 0.20 gm. IR 1 =» 0.574 me.; 0.20 gm. Ion X * 0.840 me.; 0.60 gm. Utah bentonite 
(B 0.660 me.; 0.39 gm. Yolo clay » 0.235 me.; 2.35 gm. Aiken clay » 0.705 me. All concen¬ 
trations are expressed in terms of milliequivalents per 100 ml. of suspension. 


SYSTEM KUMBES 

NHiCad) 

NH4+ 

Na(ai) 

Na+ 

, Na(ai) . (NH 4 +) 

* " (Na+) NHiCad) 

1 


1.26 

0.26 

0.24 

0.66 

2 

1.82 


0.50 


0.56 

3 

1.46 

0.86 

0.86 

1.14 

0.45 

4 

1.16 

1.16 

1.16 

2.84 

0.41 


TABLE 11 


Equilibrium data for the H-K exchange on IR 100 
1 gm. resin = 1.72me. used in each case. All concentrations are expressed as me. per 100 ml. 


j 


K+ 1 

X(ac2) 

K(ai). H+ 

* K+ HCai) 

1.660 

3.192 

.0413 

.0597 

2.85 

1.414 

1.350 

.1510 

.3490 

2.24 

1.189 

1.063 

.2483 

.5517 

2.04 

■ 1.030 

0.690 

.296 

.704 

1.68 

*0.830 

0.890 

.857 

.943 

1.18 


* Not corrected for activity coefficients of ions in solution. 


TABLE 12 

Equilibrium data for the H-K exchange on Utah bentonite 


2.3 gm. clay » 2.996 me. used in each case. All concentrations expressed as me. per 100 ml. 


H(ai0 

H+ 

Kiad) 


K(oi) . H+ 

^ * K+ mad) 

2.818 

.490 

.178 

0.222 

.139 

2.611 

.385 

.385 

0.615 

.0923 

2.506 

.490 

.490 

1.610 

.0634 

2.281 

.715 

.715 

4.285 

.0522 


exchange equations developed thus far would hold for ion pairs involving H. 
This question will receive particular attention in a future paper. To illustrate 
the problem, a series of calculated exchange constants for the H-K pair on IR 100 
and on Utah bentonite are presented in tables 11 and 12. 
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DISCUSSION 

As pointed out in the section on “Experimental Results” all of the ion-exchange 
equations that have been proposed reduce to the same relationship for ions of 
equal valency. The experiments conducted with monovalent-monovalent and 
divalent-divalent ion pairs reveal very satisfactory constants for all pairs in¬ 
vestigated except those involving hydrogen. This was uniformly true for the 
bentonite, soil colloids, and S3mthetic ion exchangers selected for experimenta¬ 
tion, Also, as shown in table 8, the constant for a given pair is independent of the 
presence of other ions in the ^stem. Further, experimental results not presented 
in this paper show that the exchange constant for a pair of ions is independent 
of the mass of the adsorbent and the volume of the solution phase. 

The data for the monovalent-divalent ion pairs reported in tables 3 and 4 
clearly bring out the inadequacy of Gapon’s ion-exchange formulation. The 
formulation of Vanselow and the statistical equation appear to be about equally 


TABLE 13 

Masimum variation of exchange con^tanU as calculated according to three different 

ion-exchange formulations 


gi 

09 

SYSTEIC 

STAIISTZCAL 

k 

VA17SELOW 

k 

GAPON 

k 

1 

Ca-clay + CsCl 

11.22 -10.40 

13.21 -12.18 

7.77 -5.55 

2 

Ca-clay + CsCl 

11.18 -10.48 

13.74 -12.13 

8.80 -5.05 

3 

Ca-clay + BbCl 

0.601 - 0.483 

0.684 - 0.587 

1.32 -1.06 

4 

Ca-clay -{- KCl 

0.0798- 0.0741 

0.113 - 0.100 

0.463-0.405 

5 

Ca-clay 4- NH4CI 

0.0449- 0.0430 

0.0603- 0.0528 

0.414-0.304 

6 

H-clay -f CsCl Lads 

0.293 - 0.274 

0.363 - 0.304 

5.05-1.31 

7 

H-clay + CsCl Lads 

0.296 - 0.274 

0.412 - 0.360 

1.48 -1.19 

8 

H-m 100 4- RbCl 4- CaCls 

0.0309- 0.0286 

0.0385- 0.0311 

1.75 -0.63 

9 

H-IR 100 4- CsCl 4- LaCl, 

(2.86 - 2.53)10-3 

(5.90 - 3.65)10-3 

0.314-0.OSS 


satisfactoiy for this type of ion pair. Prom the data for monovalent-trivalent 
ion pairs (tables 6 and 7) the defects of Gapon’s equation are even more apparent. 
Also it is evident from these same data that the statistical formulation is ap¬ 
preciably better than that of Vanselow. This comparison is summarized in table 
13. 

On the basis of the experimental data presented we are led to conclude that 
the statistical thermodynamic approach of Guggenheim is the more appropriate 
treatment of the ion-exchange process. On the other hand, although the consider¬ 
ations of Vanselow are entirely different from those of Guggenheim, the end 
results may not be conspicuoudy different unless specially designed experiments 
are carried out. 

Strictly speaking, the ion-exchange equations that have been derived are 
applicable to mineralogically pure samples of clays or to monofunctional syn¬ 
thetic resins. Theoretically, if the equilibrium constant for a given ion pair is 
kA for a pure adsorbent A, and ks for a pure adsorbent B, then in a mixture of 
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adsorbents A and B no satisfactory equilibrium constant can be found for the 
ion pair. To illustrate, let us imagine that an ion pair and F+ has attained 
equilibrium between the adsorbent species A and B and an aqueous solution. 


Then 


and 


= 


*» = 


Xx (od) (F+) 
(X+) 

(X+) 


yx(ad) 

(1^) 

Y^{ad) 


By definition 


'knit. — 


Xa (.ad) + Xb (ad) 
(X+) 


(Y^ 


YA(ad) + YB(ad) 


( 1 ) 


fdi\ 


(S) 


Equation (S) cannot be written in terms of kA and without involving either 
Xxi(ad) and XfiCod) or YA(ad) and Ysiad), That is, the value of fcmix will depend 
upon the amounts present in adsorbents A and B and will no longer give a con¬ 
stant independent of them. This conclusion is amply supported by the data of 
tables 9 and 10 wherein the apparent constants for the ion pairs NH 4 -Ca and 
NH 4 rNa are given for mixtures. 

Thus a satisfactory equilibrium constant need not be expected for a soil which 
contains a mixture of minerals that differ widely in their ion-adsorption proper¬ 
ties. This presumably might be the case with many secondary or alluvial soils. 
On the other hand, in a mature primary soil it is likely that the processes of soil 
formation have resulted in the formation of predominantly a single type of clay 
mineral or minerals the exchange properties of which are not widely different 
(cf- the montmorillonitic and hydrous mica types). On the basis of these consider¬ 
ations, it must be concluded that earlier work carried out on whole soils to ap¬ 
praise ion-exchange equations should be regarded with reservations. 

The data in tables 11 and 12 show that for ion pairs involving H ion satis¬ 
factory exchange constants are not obtained even for monovalent-monovalent 
pairs. This problem will be treated in detail in a later paper. It can be said that 
other anomalies have been found in impublished preliminary work by the au¬ 
thors with permutites and stilbite. With these minerals, satisfactory constants 
are obtained for ion pairs of equal valence, but for pairs of unequal valencies 
the formulations that have been proposed break down. 

The data presented in this paper show that for ion pairs other than those in¬ 
volving H, the formulation based on Guggenheim’s theory gives good constants 
inasmuch as a particular constant does not vary over wide ranges of concentra¬ 
tions of the ions considered, amounts of the adsorbent, and other ions present. 
A more rigorous appraisal of the exchange constants can be obtained by testing 
their internal consistency. That is, derived equilibrium constants should be in 
agreement with those determined by direct experiment. By way of illustration, 
the constant for the Cs-Rb pair on Utah bentonite has been calculated from 
various experimental data, as follows: 


“ 4.59 by addition of CsCl to Rb-clay. 

*CB-Rb “ 4.58 by calculation from fcNH 4 -Rb and ^NH4—C8* 
fcc»-Bb “ 4.60 by calculation from fcab-ca and fccs-ca. 
Ac«-Bb = 4.47 by calculation from &Rb-La and fcca-La. 
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SUMMARY 

The ion-exchange equations proposed by Gapon and Vanselow and an ex¬ 
change equation based on the statistical thermodynamics of Guggenheim have 
been subjected to experimental test with one bentonite clay, three soil colloids, 
and three synthetic resins. 

For ion pairs of equal valency, for which all three exchange equations assume 
identical forms, very satisfactory constants were obtained in all instances ex¬ 
cept for ion pairs involving hydrogen ion. 

For monovalent-divalent ion pairs, Gapon’s equation was found to be un¬ 
suitable. The equations of Vanselow and that based on Guggenheim's theory 
proved to be quite satisfactory for this type except for pairs involving hydrogen. 

For monovalent-trivalent exchanges, Gapon's equation was found to be wholly 
inadequate. For monovalent-trivalent pairs not involving hydrogen, Guggen¬ 
heim's formulation proved to be entirely suitable; somewhat less satisfactory 
exchange constants were obtained by means of Vanselow's equation. 

None of the equations gave satisfactory equilibrium constants for mixtures 
of adsorbents with widely different exchange properties. 
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PHOSPHATE FIXATION IN CALCAREOUS SOILS» 

GLENN C. LEWIS, G. O. BAKER, and B. S. SNYDER 
Idaho Agricultural Experimerit Station 
Beceived for publication August 1,1949 

The reactions that take place when pho^hate fertilizers are applied to a 
soil are of scientific and practical value in the production of crops. In calcareous 
soils, which are representative of the Intermountain Western United States, 
numerous chemical reactions and physical changes take place that render soluble 
phosphate fertilizers unavailable for plant use. This conversion of readily soluble 
phosphate into a comparatively insoluble or less available form has been termed 
“phosphate fixation.’’ According to McGeorge and Breazeale (3), fixation of 
phosphates in calcareous soils is due, in many instances, to formation of com¬ 
pounds more basic than tricalcium phosphate, and calcium, as calcium car¬ 
bonate, is a definite part of the molecule. McGeorge (4) has reported that 
Arizona soils have a strong fixing power for soluble phosphates because of the 
large amount of solid-phase calcium carbonate present and the high pH. Hinkle 
(2) foimd by chemical analysis that calcareous soils are well supplied with 
total phosphorus, but that the amount available to the crop during the growing 
season is often small. 

Unpublished work by the University of Idaho indicated that although there 
was a reduction in availability when phosphate fertilizers were added to calcare¬ 
ous soils, succeeding crops were able to utilize a portion of the phosphate held 
by the soil. This suggests that “phosphate fixation” in calcareous soils is not so 
significant a factor of time and placement of fertilizer as in acid soils. Ensminger 
and Larson (1) found that soils containing 0.5 and less than 1.0 per cent lime 
showed the lowest response to phosphate fertilization, and the mean response 
of these soils as compared to the mean response of the soil in the 1.0 and less 
than 2.0 per cent lime range was highly significant. 

Field and greenhouse tests have shown further that phosphate fertilizers hav¬ 
ing large proportions of water-soluble fractions gave much greater response than 
those containing a large proportion of their available phosphorus in the citrate- 
soluble form. 

The object of the investigations reported here was to study the following phases 
of “phosphate fixation” in calcareous soils: (a) the degree of so-called fixation or 
reversion of phosphate fertilizer in calcareous soils; (b) the degree to which the 
fixed or reverted phosphate may become available for crop use; (c) the type of 
phosphate fertilizers best suited for use on calcareous soils. 

^ Taken in part from a thesis submitted by Glenn C. Lewis to the Graduate School of 
the University of Idaho in partial fulfillment of requirements for the degree of master of 
science and based on research supported by a grant from the Simplot Fertilizer Company 
of Pocatello, Idaho. Idaho Agricultural Experiment Station Kesearch Paper 304. 
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MATERIALS AND METHOD 

The soil selected for this study is classified in the Blackfoot-Aberdeen Area 
Report (5) as Bannock loam. It was obtained from an unphosphated alfalfa 
field on an irrigated farm in southeastern Idaho. Chemical analysis showed that 
the soil contained the equivalent of 6.1 per cent CaCOs, 5 pounds of available 
P 2 O 5 per acre as determined by CO 2 extraction ( 1 ), and had a pH of 7.8. The an¬ 
alysis also showed the soil to be low in sodium and magnesium, high in carbon¬ 
ates, and low in sulfates and chlorides. 

The phosphate carriers selected for this study were treble superphosphate, 
sin^e superphosphate, fused tricalcium phosphate, and precipitated tricalcium 
phosphate (chemical reagent). To provide uniform distribution in the soil, each 
fertilizer was groimd to pass a 48-mm. sieve. It was recognized that grinding 
these fertilizers would probably result in more rapid fixation, or it might increase 
the availability of the phosphate as compared to the regular fertilizer materials. 
The fertilizers, therefore, were all ground to the same fineness so that any dif¬ 
ference in fixation would be relative. 

To simplify comparison, the different phosphate carriers were divided into two 
groups: the water-soluble type (treble and single superphosphate) and the cit¬ 
rate-soluble type (fused tricalcium phosphate and precipitated tricalcium phos¬ 
phate). 


INCUBATION STUDIES 

The four phosphate carriers at two rates of application, 50 pounds and 100 
pounds of either water-soluble or citrate-soluble P 2 O 6 per acre, were each thor¬ 
oughly mixed with 35 pounds of previously mixed and stored soil. Each of the 
fertilized soils and a check were then brought up to field-moisture capacity and 
placed in glazed crocks for each incubation period. Incubation refers to the num¬ 
ber of days that the soils were maintained at optimum moisture preceding plant¬ 
ing to Romaine lettuce. The following incubation periods were included in the 
study: 0 or no incubation (soil sample taken after mixture with phosphate 
carrier and before addition of water), 30, 60, and 90 days. 

Chemical analysis of incvbated soils 

Composite soil samples were taken at regular intervals and analyzed for avail¬ 
able P 2 O 6 by the carbon dioxide method as a means of determining the amoimt 
and rate of fixation of the added phosphate carriers. The time intervals selected 
for making the available phosphorus determinations were as follows: 

No incubation—^immediately 

30-day incubation—^iimnediately, 1, 4, 8, 12, 20, and 30 days 
60-day incubation—^immediately, 1, 4, 8, 12, 20, 30, and 60 days 
90-day incubation—immediately, 1,4,8,12, 20,30,60, and 90 days 

AvaUaUlity of phosphorus as influenced by incubation 

The available phosphorus remaining in the soil at definite time intervals 
during incubation was determined by the carbon dioxide method of extraction. 
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These detenuiHations were made on all three incubation series, and the averages 
are shown in figure 1. The curve shows the rapid reduction in soluble PsO* 
within the first 24-hour period and only slight reduction during the next 60 days. 
This indicates that fixation was rapid, most of it occurring soon after the phos¬ 
phate fertilizer was applied to the soil and water added. A definite level of avail¬ 
able PgOs was established for the 100-pound application of water-soluble type 
phosphates and a lower level for the 50-pound application. The citrate-soluble 
type phosphate diowed no significant amount of available P 2 O 6 over the check, 
regardless of rate of application. 
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Fig. 1. Amount op Available P2O5 Remaining in Soil after Different 
Periods of Incubation 

PLANT response 
Methods 

Romaine lettuce has been used by Jenny® as the indicator plant in determining 
nutrient levels of soil in greenhouse studies. It had been observed that the 
amount of growth was determined by the supply of available plant nutrients 
in the soil. Thus it appeared that the relative growth of Romaine lettuce would 
be an excellent biological method for determining the availability of phosphate 
in the soil. Nitrogen and potash were supplied in a nutrient solution so they 
would not be limiting factors of plant growth. 

At the end of the incubation periods, the treated soils were thoroughly mixed. 

* Jenny, H. Nutrient Level Determination by Greenhouse Pot Studies. 1944. [Mimeo¬ 
graphed.] Division of Soils, University of California. 
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For each phosphate carrier, rate of application, incubation treatment, and the 
check, four replications of 1,600 gm. of soil were weighted into 6-inch clay flower 
pots. Four-week-old Romain lettuce seedlings were then transplanted one to a 
pot, and water was added. 

The plants were grown for 6 weeks without further treatment except for reg¬ 
ular watering. They were then harvested, and a composite soil sample was taken 
from each pot. A second and third crop were planted and handled in the same 



Citrate-Soluble 100 lb/Aer« Citrate-Soluble ^ 



Inoubation Series InoubatioA Series 


Fig. 2. Average Weights of Lettuce Plants as Affected by Phosphate 
Carrier in Soil, Rate of Application, and Incubation Treatment 


way. The original treatments of 0, 30-, 60-, and 90-day incubation are used to 
identify the various soil samples during plant-response studies. 

Yield data 

Results shown in figure 2 bring out a remarkable correlation with the results 
obtained by carbon dioxide extraction. The higher yields on the first crops with 
no incubation when compared with the first crops from the 30- and 60-day in¬ 
cubations indicated a drop in available P 2 O 6 after the soil had been incubated and 
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a leveling off where the equilibrium of phosphorus in the soil solution had been 
established. The yield data on the second and third crops indicated that the 
supply of phosphorus present was gradually made available and subsequently 
was utilized by crop growth. The 3 delds decreased with each succeeding crop, but 
were still higher than those obtained from the checks. 

The 100-pound application of available P 2 O 6 of the water-soluble type fer¬ 
tilizers showed the greatest plant response, followed by the 50-pound applica¬ 
tion of the same material, which gave an intermediate response. The 100- and 
SO-poxmd applications of available P 2 O 6 of the citrate-soluble tj^ fertilizers 
showed statistically insignificant increase in plant response over the check. 


TABLE 1 

Utilization of added phosphorus by three crops of lettuce 


rNCUBAHON, 
DAYS BEFOZE 

TYTE OF ZESTIIIZEX 

PsOs 


FEX CSXT X7TIUZED 


PLANTIKO 

First crop 

Second crop 

Third crop | 

Total 

0 

Water-soluble 

lb./A, 

100 

24.9 



40.4 

0 

Water-soluble 

50 

29.7 



44.3 

0 

Citrate-soluble 

100 

3.7 

1.4 

2.1 

7.2 

0 

Citrate-soluble 

50 

4.6 

1.0 

3.0 

8.6 

30 

Water-soluble 

100 

19.2 

11.6 

4.4 

35.2 

30 

Water-soluble 

50 

19.6 

12.5 

1.3 

33.4 

30 

Citrate-soluble 

100 

0.1 

0.4 

0.1 

0.6 

30 

Citrate-soluble 

50 

1.1 

1.8 

0.0 

2.9 

60 

Water-soluble 

100 

11.9 

9.6 

3.1 

24.6 

60 

Water-soluble 

50 

18.3 

9.7 

2.6 

30.6 

60 

Citrate-soluble 

100 


0.6 

[ 0.5 

2.1 

60 

Citrate-soluble 

50 

0.8 

0.4 

1.8 

3.0 

90 

Water-soluble 

100 

13.8 

10,9 

4.7 

29.4 

90 

Water-soluble 

50 

13.4 

8.7 

4.1 

26.2 

90 

Citrate-soluble 

100 

1.4 

0.7 

0.1 

2.2 

90 

Citrate-soluble 

50 


0.0 

0.0 

0.9 


UTILIZATION OP PHOSPHORUS ADDED AS FERTILIZER 

The amoimt of phosphorus a plant can absorb from a fertilized soil is a good 
index of the availability of the added phosphate. To make such a comparis,on 
the utilization percentage of the added fertilizer was calculated by subtracting 
the P 2 OB (milligrams) taken up by the check plants from the P 2 O 6 absorbed by 
the phosphated plants and dividing the remainder by the P2O5 added in the fer¬ 
tilizer. This was done for the three crops of lettuce (table 1). 

With the water-soluble fertilizers, between 24.6 and 44.3 per cent of the added 
phosphate as P2O5 was utilized by the three crops of lettuce. The citrate-soluble 
fertilizer did not release enough available P 2 O 6 for the three crops to recover any 
significant amount of the phosphate added. 
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AVAILABLE PHOSPHOETJS IN SOIL AS INFLUENCED BT CBOPPINQ AND 

INCUBATION 

I^Soil samples were taken for determining COj-soluble P 2 O 5 just before trans¬ 
planting of the first crop, after the first crop, after the second crop, and after 

TABLE 2 

Phosphorus content of soil by COt extraction 


Pounds of available PiOi per acre 


INCUBATION 
BEXIOD, DAYS 

8TABT 

PLANT GROWTH 

AFTER 

FIRST CROP 

AFTER 

SECOND CROP 

AFTER 

TmRD CROP 

CONTIKUOUS 
INCUBATION NO 
CROP (8 HONTHS) 



J. Chech 



0 

6.5 

7.0 

9.6 

8.0 

10.6 

30 

6.6 

7.0 

6.0 

8.0 

10.6 

60 

8.0 

9.6 

6.0 

8.0 

8.5 

90 

8.0 

8.5 

8.0 

8.0 

8.6 


II. Water-solvble type—100 pounds available PjOs per acre 


0 

36.5 


— 


27.6 

30 

23.8 




27.0 

60 

21.6 

14.7 

11.3 

12.5 

27.0 

90 

22.7 

I 

15.7 

11.6 

26.0 

III, Waier’BolvJble type—60 pounds available P^Ob per acre 

0 

17.3 

8.3 

10.3 

13.0 

20.3 

30 

17.5 

11.3 

9.0 

12.6 

18.7 

60 

22.0 


8.3 

9.6 

15.5 

90 

13.0 


10.6 

10.5 

15.6 

IV, Citrate-soluble type — 100 pounds available PiOi per acre 

0 

mm 

12.7 

9.0 

11.3 

12.5 

30 


9.0 

8.0 

10.0 

10.0 

60 


12,0 

6,5 

9.0 

10.5 

90 

WeM 

14,0 

9.0 

9.0 

10.3 


V. Citrate-soluble type—SO pounds available PtOt per acre 


0 1 

11.0 

8.0 

9.6 

8.0 

1U5 

30 

5.0 


7.7 

9.5 

11.5 

60 

9.7 

11.0 

8.3 

8.7 

9.5 

90 

7.5 

8.0 

6.3 

8.7 

9.5 


the third crop. A portion of the original soil from each treatment was incubated 
without any crop during the time required to grow the first two crops of lettuce. 
The results are tiiown in table 2 for the two rates of phosphate application. 

The COs-soluble PsOs in the check soil was very low. The data indicate that 
incubating the check soil had a tendency to increase the amoimt of available 
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P 2 O 6 present. Growing a crop did not materially reduce the amount of available 
P 2 O 6 in the unphosphated soil. In incubating the soils before planting, there was 
an initial reduction in phosphate availability. Continued incubation for 8 
months reduced the available P 2 O 6 only slightly below the initial reduction. 
Available soil phosphorus was reduced more by one crop of lettuce than by 
fixation in the soil. The second crop of lettuce reduced the amount of available 
P 2 O 6 to a lesser degree than the first crop. 

The 50-pound addition of available P 2 O 6 per acre showed a lower percentage 
fixation, as would be expected, because there was less available P2O5 in the soil 
than with the 100-pound application, and the third crop of lettuce reduced the 
available phosphorus almost to that of the check. 

Addition of the citrate-soluble types increased the available P 2 O 6 very little 
over that in the unfertilized soils. As a result, neither incubation nor growing 
three crops had any great effect on the availability of phosphorus in the soil. 

DISCUSSION 

It was observed during the progress of this work that both the plant and the 
available P 2 O 6 remaining in the soil after fertilizer treatments readily formed 
themselves into similar groups according to the proportions of water-soluble or 
citrate-soluble P 2 O 6 found in the phosphate carriers. This was substantiated by 
statistical methods. 

Chemical analysis and greenhouse yidd data show that when various t37pes of 
phosphate carriers were added to a calcareous soil, a reduction in availability 
took place within 24 hours after the fertilizers had been added and that a fairly 
constant but slightly lower level was maintained throughout the incubation 
period. This same level was maintained in the soil after 8 months of incubation. 

The 100-pound applications of the water-soluble type fertilizers maintained 
a level of available P 2 O 6 at 22 to 25 pounds per acre; 50-pound apphcations of 
the same fertilizers maintained a level of 13 to 18 pounds per acre. The citrate- 
soluble fertilizers gave a level of 8 to 10 pounds per acre, which was not signifi¬ 
cantly different from the level of the check. 

The yield data indicate that the 100-pound application of available P 2 O 6 of 
the water-soluble type fertilizers resulted in the greatest plant growth, followed 
by the 50-pound applications of the same materials, which gave an intermediate 
response. The 100-poimd and 50-pound applications of available P 2 O 6 of the 
citrate-soluble t 3 rpe fertilizer showed very little increase in plant growth over the 
check, and this slight increase was not statistically significant. 

With the water-soluble type fertilizers, between 24.6 and 44.3 per cent of the 
P 2 O 6 added as fertilizer was utilized by the three crops of lettuce. The citrate- 
soluble type fertilizers did not produce sufficient available P 2 O 6 to give a signifi¬ 
cant return over the check with the three crops of lettuce. 

Levels of available phosphorus in the soil solution can be maintained by addi¬ 
tions of water-soluble type fertilizers which will provide sufficient available phos¬ 
phorus for the plant growth. These levels must be maintained by additions of 
water-soluble type phosphorus as required. 
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The rapidity with which the level of available phosphorus is established in 
calcareous soils when water-soluble type fertilizers are applied indicates that the 
time of application is less important than it was formerly considered. This study 
diows that reduction in availability takes place so rapidly that it would be im¬ 
possible to germinate seeds before this action was largely completed and the 
phosphorus equilibrium established in the soil. 

It is therefore indicated that water-soluble type phosphate fertilizers can be 
applied in fall or any other season on calcareous soils without further loss of 
efficiency than would occur if the application immediately preceded crop plant¬ 
ing. There probably woxild be an advantage in adding water-soluble type phos¬ 
phate fertilizer as a side-dressing to plants already growing, as is shown by the 
response when seedlings were transferred to soils to which water-soluble type 
fertilizers had been added and at a time when no incubation had taken place. 

The data further indicate that perhaps 15 to 20 times as much of the citrate- 
soluble type fertilizers would be required to obtain a crop response and an avail¬ 
able phosphate level in the soil equivalent to those obtained by the addition of 
water-soluble type phosphate fertilizer. 

SUMMARY 

When the various types of phosphate fertilizers were added to the calcareous 
soils, a reduction in availability took place within 24 hours. The resulting level 
of available phosphorus in the soil was approximately maintained throughout 
the incubation period. 

The level of available phosphorus maintained in calcareous soils when water- 
soluble type phosphate fertilizers were added was higher than that maintained 
by the citrate-soluble types. This was substantiated by determination of avail¬ 
able PaOs by the COa extraction method and plant growth response by the 
Jenny method. 

The citrate-soluble type fertilizers did not increase plant growth or signifi¬ 
cantly raise the available phosphorus level in the soil. 

The time of application of the water-soluble type fertilizers, if previous to 
crop growth, was not important in calcareous soils. Some benefit was shown 
when more available fertilizer was present during the early stages of growth 
on soils where no incubation had taken place. 
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Many well-drained upland soils in Colombia and Costa Rica are exceedingly 
rich in total nitrogen and organic matter (1, 2, 3). These observations are per¬ 
plexing, since nitrogen-climate studies in North America lead one to expect 
low levels of nitrogen and organic matter in tropical soils. 

The present paper attempts to elucidate the causes of the difference in be¬ 
havior of American north-latitude and of equatorial soUs. In principle, the assay 
is based on an interpretation of nitrogen and organic carbon balances of two 
tropical and two Californian profiles. Since these four profiles are representative 
of soils of large areas, the conclusions are believed to possess some degree of 
generality. 

PROFILE INVENTORIES OF NITROGEN AND ORGANIC 3VIATTER 

Nitrogen and carbon inventories of four complete profiles are given in table 
1. In all profiles the N and C contents of the lowest strata were obtained by ex¬ 
trapolating the N- and C-depth functions to zero value of N and C. In all mineral 
horizons N and C were determined on the 2-mm. fraction and then adjusted to 
the stone content of each horizon. The black oak and Ponderosa pine profiles of 
the Sierra Nevada were on the Shaver Ranch (5,000 feet elevation) about 100 
feet apart. They are well drained and on level topography. The two tropical pro¬ 
files were described previously (1).^ 

In the imneral soil of the oak and pine profiles specks of charcoal could be seen. To 
assay their influence on the carbon-nitrogen ratio, carbon was determined according to 
three different methods: dry combustion (2), Schollenberger’s hot-wet combustion (4), 
and Walkley-Black’s rapid wet o^ddation (5). The conversion factor of the Schollenberger 
method was 1.18, as previously established (2). The conversion factor of the Walkley-Black 
method was evaluated on forest floor material and was found to be 1.26 for Ponderosa pine 
and 1.27 for black oak. Special tests on charcoal pieces from the pine profile showed 13 per 
cent oxidation by the Walkley-Black method. Commercial wood charcoal was oxidized 7 
per cent. According to table 2 the Walkley-Black method yields the lowest values. Accord¬ 
ingly, it was used to compute the carbon contents listed in table 1. 

The total nitrogen contents of the tropical profiles are about four to five times as 
high as those of the Sierran profiles. On an acre basis, the two Colombian profiles 
average 26,858 pounds of nitrogen. The corresponding value for the Sierran 
profiles is only 5,731 pounds. It is worth noting that the oak and pine profiles 

1 S. P. Gessel assisted in collecting the Sierra profiles, and F. T. Bingham determined 
nitrogen and organic carbon. 

2 The nitrogen content of the forest floor of the Chinchin^ profile was erroneously re¬ 
ported (1) as 1.43 per cent N. The correct value is 2.15, as given in table 1. 



TABLE 1 

Organic mailer inventories of two tropical and two Californian soils 


All data expressed on oven-diy basis. To convert gm./sq.m. to Ib./A., multiply by 8.92. 



AFPAJKSNT 

IHENSZTy 

ZnTSOGEN 

OS«ANIC CASBON 

C/N 



per 

cent 

gm./sq.m. 

per 

cent 

gm./sq.m. 


Calima profile (No, 76), Colombia 







litter fall, 852 gm./sq.m. 


1.22 

10.4 

45.87 

m(Ac)* 

37.6 

Eorest floor, 504 gm./sq.m. 

.... 

1.75 

8.8 

44.59 

226(F,) 

25.5 

0 - 2 inches. 

0.81 

1.03 

424 

20.76 

8,538 

20,1 

2-8 “ . 

1.05 

0.49 

784 

7.20 

11,521 

14.7 

8-18 " . 

1.05 

0.39 

1,040 

5.23 

13,948 

13.4 

18-25 " . 

1.37 

0.08 

195 

0.87 

2,119 

10.9 

25-30 “ . 

1.3 

0.03 

50 

0.20 

330 

6.7 

Total profile. 



2,602(N,) 

.... 

36,681(Cp) 

14.7 

Ckinchind profile (No. 73), Colombia 







Litter fall, 1,011 gm./sq.m. 

.... 

1.55 

15.7 

50.44 

510(A«) 

32.5 

Forest floor, 1,648 gm./sq.m. 

.... 

2.15 

35.4 

48.24 

796(F,) 

22.4 

0 - 8 inches. 

1.11 

0.78 

1,759 

10.50 

23,683 

13.6 

8-12 “ . 

1.11 

0.64 

722 

7.09 

7,996 

11.1 

12-16 “ . 

1.06 

0.34 

366 

4.35 

4,685 

12.8 

16-20 “ . 

1.04 

0.18 

190 

2.23 

2,366 

12.4 

20-26 “ . 

0.96 

0.14 

205 

1.80 

2,633 

12.9 

26-60 “ . 

1.0 

0.04 

244 > 

0.50 

3,048 

12.5 

Total profile. 

1 


3,521(N,) 


46,196(0,) 

12.8 

Shaver-oak profile (No. 23), Cali¬ 







fornia 







Litter fall, 155 gm./sq.m. 


0.82 

1.27 

48.13 

CD 

68.7 

Forest floor, 4,381 gm./sq.m. 

.... 

0.71 

31.1 

27.95 

1,224(F.) 

39.4 

0 - 8 inches. 

0.89 

0.11 

199 

2.41 

4,358 1 

21.9 

8-16 “ . 

1,04 j 

0.06 

127 

1.20 

2,536 

20.0 

16-24 “ ... 

1.12 1 

0.06 

114 

0.82 

1,866 

16.4 

24r-28 “ . 

1.31 

0.04 

53 

0.40 

532 

10.0 

28-60 “ . 

1.3 1 

0.016 

109 

0.15 

1,090 

10.0 

Total profile. 


.... 

633(Np) 


ll,606(Cp) 

18.3 

Shaver^pine profile (No. 22), Cali¬ 







fornia 







Litter fall, 314 gm./sq.m. 


0.49 

1.54 

52.12 

164(A.) 

106.4 

Forest floor, 18,837 gm./sq,m. 


0.62 

117 

34.31 

6,463(F,) 

55.3 

0 - 8 inches. 

0.84 

0.11 

188 

2.02 

3,448 

18.4 

8-16 “ . 

1.04 

0.07 

148 

1.87 

3,952 

26.7 

16-19 “ .■. 

0.94 

0.06 

43 

1.25 

895 

20.8 

19-60 “ . 

1.3 

0.015 

154 

0.25 

2,559 

16.7 

Total profile. 



650(N,) 


17,317(0,) 

26.6 


* Np and Cp denote total nitrogen and total carbon content of the entire profile. These 
values are probably accurate 'within d=2-3 per cent. Ac and Fe represent the carbon con¬ 
tent of the litter fall and of the forest floor. 
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possess, within experimental error, identical amounts of nitrogen. The differences 
in organic carbon contents of the two pairs of soils are less extreme, the tropical 
profiles having two to four times as much organic matter. 

The distribution patterns reveal marked differences. In Colombia, in spite of 
the high litter fall, the proportion of carbon in the forest floor to that of the total 
profile is very small, 0.6 and 1.8 per cent. In the Sierran profiles the carbon 
content of the oak forest floor amounts to 11 per cent of the total carbon content; 
for the pine profiile the proportion is 37 per cent. In other words, in the troyicB 
the bulk of the organic maUer is inside the mineral soil, where<xs in the Sierras a con- 
siderable portion rests on top of it 

DECOMPOSITION CONSTANTS OP SOIL ORGANIC MATTER (ORGANIC 

carbon) 

Field observations strongly suggest that the forest sites investigated represent 
stabilized conditions. Soil organic matter appears to have reached a steady 
state, since profile features are uniform over large areas. Granting the assump- 


TABLE 2 

Comparison of combustion methods 
Per cent organic carbon 


Horizon, inches ... 

OAZ P&OFXIJB 

PIKE PROFILE 

0-8 

8-16 

16-24 

24-28 

0-8 

8-16 

16-19 

Dry combustion. 

3.70 

1.66 

1.48 



2.65 

m 

Schollenberger method. 

3.52 

1.78 

1.43 




m 

Walkley-Black method. 

2.92 

1.41 



2.50 1 

2.21 

1.55 


tion of a near-steady state, we may apply the equilibrium principle, which states 
that the annual rate of addition of organic carbon is equal to the annual rate of 
loss, or, 

Ae Rc = ke (Cp + Ac Re) (I) 

where Ac denotes the carbon added to the soil as litter fall, Rc the carbon added 
in the form of new roots, Cp the carbon content of the entire profile, including 
the forest floor. One could readily calculate the constant kc if Re, the annual 
root production, were known. Ecologists maintain that root growth is related to 
top growth, but no precise numerical relationship is known. Let us calculate kc 
for various assumed ratios of annual root production and leaf production (litter 
fall), such as 0.5, 1.0, and 2.0. The true ratio would probably lie somewhere be¬ 
tween the extremes of 0.5 and 2.0. The kc values calculated for these various ra¬ 
tios are listed in table 3. For the sake of comparison the decomposition rates of 
alfalfa and of the forest floors also are listed. 

The mode of computation is as follows: for Calima, Ac is 391 gm./sq.m. and Cp is 36,681 
gm./sq.m., both figures taken from table 1. For a root-leaf ratio of 1.0 the value of kc is 391 
-h 391 divided by 36,681 -h 391 + 391, which ^ves 0.0208, or 2.08 per cent. 
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The results are striking. Whereas alfalfa and forest litter decompose very 
rapidly in tropical sites, the loss constants for the entire Calima and Chinchind 
profiles are low and of the same order of magnitude as those of the Sierran pro¬ 
files. This is true irrespective of the assumed root-leaf ratios. 

We must conclude that in the two tropical soils, humus—^which approximates 
Cj, minus Fe—is not readily oxidized. Inside the soil some property, as yet un¬ 
identified,® counterbalances the accelerating effect of high temperature and rain¬ 
fall on the decomposition rates. This retarding factor is not operative in the de¬ 
cay of the forest floor which rests on top of the mineral soil, nor is it active on the 
buried alfalfa samples, since they do not come into direct contact with the 
mineral soil particles. 


TABLE 3 


Annual decomposition constants (kc) of organic carbon of total profiles, and related values 




COLOMBU 

ssAvxx uasR 

, CA11F02MIA 

Ac 




Oak 

Pine 

0.50 

fcc . per cent 

1.58 

1.11 

0.95 

1.40 

1.00 

kc . per cent 

2.08 

2.21 

1.27 

1.86 

2.00 

ko . per cent 

3.10 

3.27 

1.89 

2.76 

Decomposition constant of forest 





floor (k' for carbon). per cent 

63.5 

39.1 

5.74 

2.47 

Decomposition of alfalfa... .per cent 

98 

90 

7 

0 



: 143 

139 

234 

160 

Annual nitrogen gainst for 





1 


17.6 

25.3 

2.71 

4.06 


. lbs./A. 

156 

226 

24 1 

36 


* Ratio of annual root production (Ec) to annual litter production (A®), 
t Np of table 1 divided by years of preceding row. 


TIMB NECESSARY TO BXJILD HP ORGANIC MATTER PROFILES 

In a preceding paper (3) an equation was derived which permitted estimation 
of time functions of forest floor accumulation. In particular, it was shown that 
dividing the decomposition constant h into the factor 3.0 gives the time neces¬ 
sary to reach 95 per cent of the equilibrium value. If this mode of calculation is 
applied to the four profiles imder consideration, the years listed in table 3 are 
obtained. Computations were made only for values corresponding to root-leaf 
ratios of 1. 

These year-values are not accurate. In estimating years it is assumed that 
he remains constant throughout the building up of the profile. We know, how¬ 
ever, that he is not constant. It is higher in earlier than in later stages of carbon 

® la the writer’s laboratory, L. Rojas-Cruz found in the Calima profile exceedingly low 
degrees of calcium saturation. 
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accumulation. In table 3, K is the decomposition constant at near-equilibrium. 
Accordingly, the ages listed are minimum ages. 

Although the age figures lack accuracy, nevertheless two significant con¬ 
clusions of semiquantitative nature may be drawn: First, because of the similar¬ 
ity of the kc values for the various regions, it may be inferred that it will take 
about the same time to build up an organic matter profile in the tropics and in 
the Sierras. Second, the time necessary to form a stabilized organic matter pro¬ 
file is probably of the order of magnitude of several hundred years, say, more 
than 200 and less than 1,000 years. 

INQUIRY INTO NITROGEN GAINS IN TROPICAJL AND TEMPERATE FOREST 

SOILS 

In searching for an explanation of the high nitrogen content of the tropical 
profiles it would be fallacious to point to the large annual additions of nitrogen 
as litter fall (table 1). These nitrogen additions cannot be considered real gains. 
Whereas the carbon in the trees is assimilated from the atmosphere, the nitrogen 
in the leaves is derived from the soil itself, unless the leaves fix atmospheric 
nitrogen. A different approach must be sought for evaluating the source of soil 
nitrogen. 

If it takes, say, 300 j^ears to build up the carbon content of a given soil profile, 
it is safe to assume that it will take about an equal number of years to build up 
the corresponding nitrogen content. In other words, dividing the total nitrogen 
content of the profile (Np in table 1) by the year-values calculated for carbon 
gives the average annual addition of nitrogen. Results of this sort of calculation 
also are listed in table 3. 

How reliable are these figures is not known because the precise age of the car¬ 
bon profile is not known. Since the year-values given in table 3 are too low, the 
calculated nitrogen gains are too high. On the other hand, this method of cal¬ 
culating nitrogen additions implies that during the process of accumulation no 
nitrogen was lost through leaching or otherwise. The uncertainty of the nitrogen 
values is therefore considerable. In spite of these limitations it is probably safe 
to conclude that the average anmud nitrogen gains in the two tropical soils exceed 
those of the Sierran soils. 

The relatively high nitrogen gains in the two tropical profiles may be at¬ 
tributed to a high addition of nitrogen compounds in the rain water, and to a 
high nonssnnbiotic and symbiotic fixation of atmospheric nitrogen. The author 
is inclined to stress the latter possibility since he was impressed by the large 
number of leguminous trees^. 

GENESIS OP ORGANIC MATTER PROFILES IN FORESTS, AND THE ROLE 
OP FACTORS OP SOIL FORMATION 

Let US now try to assemble the factual and deduced information obtained 
into a coherent picture of soil formation. Though the conclusion will have to be 

* H. L. Mason, Director of the Herbarium of the University of California, who recently 
visited Colombia, estimates that more than 50 per cent of the forest trees are legumes. 
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based on four profiles only, it is the author’s opinion—^which he cannot prove to 
anyone not familiar with the regions—^that the sites investigated are represen¬ 
tative of large areas. 

In the warm, humid tropics a bare land surface, such as may exist after depo¬ 
sition of volcanic ash rich in basic minerals, is quickly covered with vegetation. 
Soil nitrogen builds up rapidly, since it is being added at a high annual rate, 
presumably as a result of biological nitrogen fixation. This enrichment in soil 
nitrogen is accompanied by a luxuriant growth of vegetation. Large amounts of 
litter fall on the ground. The leaves decompose rapidly and, because of the high 
rainfall, a large proportion of the soluble and dispersible decomposition products 
(humus) migrate into the mineral soil, as is suggested by the alfalfa decom¬ 
position studies and by direct field observation. 

In contrast to litter decomposition, the rate of decay of humus inside the min¬ 
eral soil is slow. Accordingly, the organic matter content of the soil attains high 
values, and its quasi-equilibrium state is reached within centuries. The nitrogen 



Fig. 1. Seasonal Mabch of Tempebatubb at Bogota, Colombia, and at 
Knoxville, Tennessee 

Both stations have the same mean annual temperature (14.5®C., 58.1 ®F.) 

and carbon depth functions are of sigmoid type (1). The mineral soil continues 
development, but, in contrast to organic matter formation, at a slow rate. Min¬ 
eral profile differentiation will affect vegetation only over long periods. 

In the Sierra Nevada of California, soil organic matter accumulation appears 
to be handicapped by low rates of nitrogen gains. Part of the nitrogen shortage 
may be attributed to unfavorable climatic conditions, especially the long dry 
summers, but it can hardly be the whole story. The alfalfa decomposition studies 
indicate substantial biological activity during the rainy season, especially at 
lower devations. Maybe there are not enough leguminous plants in the region 
studied. At any rate, the general picture portrays nitrogen starvation. 

Sierran litter and profile analyses point to a regime of wide carbon-nitrogen 
ratios, especially in association with pines. Litter production is small and its 
decomposition is dow. A considerable portion of the organic matter rests on the 
mineral soil as forest floor. It takes several centuries to build up a stabilized or¬ 
ganic matter profile. 

The question yet to be answered is whether the frequency of leguminous trees 
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in the tropical forests studied and the related hi^ nitrogen gains are conditioned 
by equatorial climate or by the histoiy of plant evolution. 

The outstanding difference between equatorial and midlatitude climates lies 
not so much in the annual values of temperature and precipitation as in the in¬ 
variant seasonal march of temperature, as is illustrated in figure 1. Should 
further research in the tropical Americas reveal that the high gains of nitrogen 
and the distribution of legumes are conditioned by the pattern of the seasonal 
march of temperature, then seasonal climate would have to be proclaimed as 
the causative soil-forming factor. On the other hand, if the strong leguminous 
component in the equatorial vegetation is more nearly related to plant evolution 
and migration, in short, to vegetational history, then the biotic factor of soil 
formation must be credited with being the principal variable responsible for 
the high organic matter contents of equatorial soils. 

SUMMARY 

The formation of profiles high in organic matter in certain tropical regions 
may be visualized as conditioned by the following factors: 

Measurements of litter fall show that production of organic matter is high. Favorable 
climatic conditions and high annual rates of fixation of nitrogen (legumes) are cited as the 
primary causes of the luxuriant vegetation. 

Decomposition of the forest fioor that rests on the mineral soils proceeds at a rapid rate. 
Observations suggest that a considerable part of the decomposition products infiltrates 
into the mineral soil. 

Decomposition of humus in the mineral soil appears to be slow. Accordingly, humus 
rapidly accumulates to a high level. 

Several hundred years seem to be required to build up soil organic matter to a nearly 
steady state. 
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Crop rotation, even where legumes enter the system, may not maintain the 
nitrogen of some soils. This is evident from data accumulated by the senior author 
over the last 35 years, and is based on pot and field experiments on irrigated and 
nonirrigated calcareous soils containing approximately 0.1 per cent of total 
nitrogen. Moreover such a system may deplete some soils of their plant nutrients 
more rapidly than a one-crop system in which legumes do not enter. Properly 
inoculated legumes have the ability under appropriate conditions to utilize 
atmospheric nitrogen, but they feed by preference upon combined nitrogen. 
If the total legume is harvested, the soil may be no richer in nitrogen and may be 
poorer in other nutrients following the legume cropping than it was before. This 
was found to be the case in a soil containing sufficient nitrogen for the production 
of near-average crops. The failure of legumes to increase soil nitrogen is due to 
three factors: (a) legumes feed on available nitrogen of the soil and turn to 
atmospheric nitrogen only if soil nitrogen is reduced to a level where it cannot 
meet the needs of the growing plant; (5) alfalfa reduces soil nitrates to a lower 
level than do wheat, oats, com, and many other crops and, hence, drains soil of 
its total nitrogen; and (o) growth of legumes causes a soil to part with its nitro¬ 
gen more readily than does a nonlegume (1, 2, 3). 

The common experience that better crops are obtained following legumes than 
following nonlegumes raises the question: If legumes do not increase the total 
plant food of the soil, why do they increase yield? Fallowing does not increase 
the total nutrients of the soil, yet it increases yield. Probably the main reason is 
that 2 years’ plant food is made available for one crop. This is also true where 
the legume has been grown. Moreover, alfalfa and possibly other legumes cause 
soil to part with its nitrogen more readily than do nonlegumes, hence there is an 
increase in yield of crops following legumes. Such methods for increasing crop 
yields are sound soil practices, but they must be used with the understanding 
that the total nitrogen of the soil may not be increased (1). 

Data presented in this paper were obtained from a long-time experiment 
planned to learn the influence of legumes and wheat upon the percentage of 
nitrogen in a soil where all conditions were carefully controlled and the nitrogen 
content of the soil was accurately measured. 

METHOD OP EXPERIMENTATION 

Two-gallon jars were filled with soil from the central experimental farm (Green¬ 
ville). Approximately 2 kgm. was placed in each jar. The soil had not previously 
grown legumes and had the composition reported previously by Greaves, Stewart 
and Hirst (1). It was thoroughly mixed, sieved to remove any rocks or coarse 

^ Temporarily withdrawn; resubmitted August 18, 1949. 
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material, remixed and resieved several times, so that each pot contained soil as 
nearly uniform as possible. The nitrogen content of the soil when placed in the 
pots was 0.1040 per cent. 

Some of the pots were fallowed, others seeded with wheat, and still others 
with the following legumes: alfalfa, crimson clover, cowpeas, Canadian field peas, 
soybeans, garden beans, or lupines. Half of the pots were planted with inoculated 
seed, the other half with uninoculated seed. Crops were grown to maturity in the 
vegetation house; har\^ested by digging up the plants and separating them into 
leaves, stalks, and roots; weighed; and analyzed for total nitrogen. The crops 
on half the pots were returned to the soil and those on the other half were re- 


TABLE 1 

Effect on nitrogen in soil of 16 years* cropping to alfalfa and wheat 


TXEATMENT 

KITROGEN COKTEHT OJ SOU. 

Averages 

Loss or gain over fallow 

Pallow... 

per cent 

.1053 

per cent 

Alfalfa crop returned uninoculated. 

.1180 

.0127 

Alfalfa crop removed uninoculated. 

.1050 

-.0003 

Alfalfa crop returned inoculated... 

.1181 

.0128 

Alfalfa crop removed inoculated. 

.1080 

.0027 

Wheat crop returned. 

.1056 

.0003 

Wheat crop removed. 

.0955 

-.0098 

5% level of significance. 

.0050 

.0050 

1% level of significance. 

.0069 

.0069 


moved. Hence, each legume entered into the following system, each treatment 
represented by three pot samples: 

Legume uninoculated, crop removed from soil. 

Legume uninoculated, crop returned to the soil. 

Legume inoculated, crop removed from the soil. 

Legume inoculated, crop returned to the soil. 

The wheat crop removed from and that returned to the soil also involved three 
pot samples each. 

During the experiment the pots were shifted from place to place to equalize 
temperature and other variations. At the end of 16 years each soil was trans¬ 
ferred into a large container, thoroughly ground, mixed, and sampled. Duplicate 
nitrogen determinations were made on the soil from each pot. The data presented 
in the present paper are averages from such analyses at the close of 16 years of 
cropping. On each legume statistics were calculated to determine significance of 
variance between treatments, variations within pot samples being used as the 
error. 


EXPERIMENTAL RESULTS 

Average percentages of nitrogen in the variously treated alfalfa pots are given 
in table 1. They are the averages of three pots. 
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All the inoculated legume plants were nodulated to a greater degree than the 
uninoculated, but nodulation was not always absent from the uninoculated. 
The nitrogen content of the soil in the fallow pots was used for comparison of 
changes due to the legumes because of the belief that methods of hATiHling made 
it a more accurate standard than the analysis obtained at the beginning. Growth 
of alfalfa on this soil for 16 years and removal of crop did not significantly in¬ 
crease the soil nitrogen over that in fallow soil. This is true even though the 
alfalfa was properly inoculated. Returning the crop to the soil resulted in a highly 
significant increase in soil nitrogen. This increase, calculated to the acre-foot 
basis for the 16 years, was 450 pounds, or an ftnmml average of 28 pounds 
an acre. Undoubtedly, under field conditions a greater gain would occur as (a) 
the yield in the greenhouse was exceptionally low, never more than 1 ton per 
acre; and (b) there may have been some loss in nitrogen due to bacterial decom- 

TABLE 2 

Effect on nitrogen in soil of 16 years* cropping to various legumes* 


NITSOOBK CQHTBNT OT SOU. 


TKEATICEMT 

Crimson 

clover 

Cowpeas 

Field Peas 

Soybeans 

Garden 

beans 

Lupines 


Aver¬ 

age 

loss 
or gain 
over 
fallow 

Aver¬ 

age 

L<»s 
or gain 
over 
fallow 

Aver¬ 

age 

Loss 
or gain 
over 
fallow 

Aver¬ 

age 

Loss 
or gain 
over 
fallow 

Aver¬ 

age 

Loss 
or gain 
over 
fallow 

Aver¬ 

age 

Loss 
or gain 
over 
fallow 



% 

% 

% 

% 

% 


% 

m 

% 

m 

% 






.1146 


.1058 

.0005 

.1116 

.0014 

.1058 

.0005 








.1028 

-.0027 

.0999 

-.0054 

.1015 

-.0038 




.1047 


.1120 


.1132 

.0079 

.1167 

.0063 

.1121 

.0068 


WSm 


.1049 

-.0004 

m 


.1057 

.0004 

.1015 

-.0038 

.0992 

-.0061 

6% level of sigxuficaiice. 

1% level of significance. 


.0054 

.0076 


.0037 

.0052 



■ 





.0044 

.0061 


* Average eitroges content of fallow soil used for comparison is 0.1053 per cent. 


position which may have been more rapid in the green-manured soil than in the 
fallow soil, hence, the gains reported are not maximum. This supposition is borne 
out in the results reported for the wheat crop. The loss of nitrogen from the wheat 
soil for 16 crops was 353 pounds, or an annual loss of 22 poxmds per acre- This is 
approximately that removed by the wheat plant, for where the wheat plant was 
returned to the soil, the soil nitrogen was maintained. The results amply demon¬ 
strate that for this soil, growth of alfalfa and removal of the crop did not increase 
soil nitrogen, but growth of alfalfa and its| return to the soil resulted in a highly 
significant gain in soil nitrogen. 

A significant loss of nitrogen occurred in soil on which uninoculated crimson 
clover was grown and removed, but where crimson clover was inoculated and 
returned to the soil, there was a significant increase in soil nitrogen (table 2). 
Apparently inoculation rendered crimson clover more efficient in increasing soil 
nitrogen. Crimson clover differed from the alfalfa in that, when removed, it 
depleted the nitrogen supply of the soil, whereas alfalfa maintained the soil 
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nitrogen at a constant level. These results indicate that crimson clover should be 
inoculated, but even when inoculated it is not the equivalent of alfalfa as a soil 
builder. This may be due to the difference in nitrogen content of the two legumes 
(5). Alfalfa carried 17 to 18.5 per cent protein, whereas crimson clover carried 
14.3 to 18.5 per cent protein. 

Soil on which uninoculated cowpeas were grown registered a loss of soil nitro¬ 
gen approaching significance even where the crop was returned to the soil as 
green manure (table 2). Where cowpeas were inoculated, the soil nitrogen was 
maintained at the same level as in the fallow. Evidently so far as this soil is 
concerned, cowpeas are not so good a soil builder as is crimson clover. 

Growth and removal of field peas caused a loss of soil nitrogen, whereas re¬ 
turning the total crop to the soil caused a highly significant gain. 

Satisfactory gains in soil mtrogen occurred where inoculated soybeans were 
returned. But where the crop was removed or iminoculated and returned there 
was no gain. 

Data for the garden beans are similar to those obtained for other legumes 
(table 2). Satisfactory gains in nitrogen occurred where the legume was returned 
to the soil and losses where the legume was removed. The results in favor of inocu¬ 
lation are highly significant. Inoculation may manifest itself by an increase in 
yield, an increase in protein content of the legume, or an increase in the soil nitro¬ 
gen balance. At times only one effect may manifest itself; at other times inocula¬ 
tion may affect the legume in two or more ways. Garden beans manifest all three 
effects (5). 

When lupines were inoculated and the crop was returned, the soil made sig¬ 
nificant gains in nitrogen, but when uninoculated lupines were turned under no 
gains in nitrogen occurred. Where uninoculated lupines were grown on this soil 
and the complete crop was removed, the soil lost nitrogen (table 2). 

The results with all legumes substantiate this conclusion: Legumes feed first 
on soil nitrogen and use atmospheric nitrogen only if soil nitrogen is insufficient 
to meet the needs of the growing plants. 

Leaves, stems, and roots were all harvested in this experiment, the roots being 
harvested yearly, in contrast with field practices. Even in this work, how^ever, 
many leaves fell and found their way into the soil. This leaf fall was considerable 
at times and corresponds to what may occur under field conditions. In field work 
the roots are returned and may grow for several years. Hence, they may change 
the root zone. Thus, the results are not directly comparable with field results 
but, taken in connection with field experiments, make the conclusions highly 
probable for similar field soils. 

The percentage of nitrogen in the roots as compared with the total nitrogen 
of the legume varied with the legume. It was 6 per cent in Canadian field peas 
and soybeans, 7 per cent in garden beans, 8 per cent in lupines and cowpeas, 16 
per cent in clover, and 40 per cent in alfalfa. The protein content of cowpeas— 
steins, leaves, and stocks—was less than that of alfalfa and greater than that of 
crimson clover (5). 

Table 3 lists the percentages of total nitrogen in the roots of the legumes and 
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of wheat. There is no evidence of soil gains in nitrogen from growth of alfalfa 
in the field even where the roots are returned to the soil (4). Hence, it is highly 
probable that no gams occur in field work where other legumes are grown and 
the crops removed from the soil. The following conclusion appears justifiable: 
Soils which contain suflSicient nitrogen to produce a fair crop of nonlegumes will 
not cause measurable gains in nitrogen, if planted to legumes and the legume 
removed, but when the legumes are plowed under, appreciable gains of nitrogen 
may occur. Properly inoculated legumes feed first on the combined nitrogen of 
the soil, and if this is insufficient to meet their needs they draw on the nitrogen 
of the air. Hence there are two practical methods of maintaining soil nitrogen by 
use of legumes in crop rotation systems: (a) the legume is plowed imder and 
allowed to decay, thus furnishing nitrogen to successive crops, and (6) the legumes 
grown on the soil are fed and the manure is returned to the soil (4). 


TABLE 3 

Percentages of total nitrogen of legumes and of wheat in roots 


dOP 

NZTKOGEN 

Of SOOTS 

CROP 

NITSOGEN 

IN ROOTS 

Canadian field peas. 

per unt 

6 

Cowpeas. 

per cent 

8 

Soybeans. 

6 

Clover. 

16 

Garden beans. 

7 

Alfalfa. 

40 

Lupines. 

8 

Wheat. 

19 




SUMMARY 

Wheat and several different legumes were grown in pots under controlled con¬ 
ditions and compared with fallow soil. One set of each legume was inoculated, 
and a duplicate set was uninoculated. In half the inoculated and half the uninocu¬ 
lated sets, the crops were removed from the soil; in the others, the legumes were 
returned to the soil. The soil was analyzed at the beginning of the experiment 
and at the end of 16 years. 

The following conclusions may be drawn from the work: 

Growth of alfalfa for 16 years on the soil used in this experiment and removal 
of the crop did not measurably increase the total nitrogen of the soil. This was 
true for both inoculated and uninoculated plants. Where the crop was returned 
to the soil, a highly significant gain in soil nitrogen resulted. Inoculation of the 
alfalfa even where the plants were turned under was without effect on the soil 
nitrogen. 

Even properly inoculated legumes feed first on the nitrogen of the soil and 
turn to atmospheric nitrogen only if the soil nitrogen is insufficient to meet their 
needs. Hence the growing of legumes on this soil and the removal of the crop, 
even where the legume was properly inoculated, did not increase the soil nitrogen. 
Probably there is a certain nitrogen balance in some soils below which legumes 
may increase the soil nitrogen even where the complete crop is removed; for this 
soil it is, undoubtedly, below 0.105 per cent. 
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The ABC of Soils. By Jacob S. Jofpe. Pedology Publications, New Brunswick, 

New Jersey, 1949. Pp. 383, plates 12. Price $3.80. 

The author has prepared something novel in an introductoiy soils textbook 
for students in agriculture. It is characterized by a wealth of fundamental in¬ 
formation interspersed with information derived from personal experiences of 
the author. Unlike conventional primary textbooks, there are comparatively 
few illustrations and tables of data. Instead, the author has filled every page 
with the maximum amount of useful information. The thorough treatment ac¬ 
corded the climatogenic and intrazonal soil types is unique in an elementary 
text. Of particular interest in this material are the descriptions of agricultural 
features in the respective zonal soil areas and the excellent discussion of the saline 
and organic soils, their natures and methods of handling. The practical side of 
pedology is also thoroughly discussed under the titles: irrigation, drainage, 
liming, fertilizers, and working the land. In his treatment of these subjects, the 
author significantly relates many of the practices to the inherent characteristics 
of the soil profile, something no previous American author has attempted. The 
author expresses certain opinions with which one may not agree; nevertheless, 
teachers of a fibrst course in soils will find that much of the ^^ABC of Soils^’ can be 
used as the XYZ of soils for students who are li m ited to one course in their 
curricula. 

Louis T. Kaedos 

Bodenkunde fUr Lavdwirte, Forstwirte und Gdrtner. Fifth Edition. By Eilhaed 

Alfred Mitscherlich. Mas Niemeyer Verlag, HaUe, Germany, 1949. PP. 

364, figs. 43. 

This is a fully revised edition of the author's book that first appeared in 1906. 
Its six chapters deal with physical, chemical, and plant physiological methods of 
investigating soils, plant-soil relationships, mfiuence of climate on plant produc¬ 
tion, and practical applications. The appendix contains mathematical tables and 
formulas. The foreword includes the following impressive comment: 

I occupied myself with the writing of this book while a refugee, during which time I 
had come to the conclusion that the tragic war had destroyed the largest part of my own 
life’s works. A majority of my best students are no longer ^ve and the greatest part of my 
numerous works are scarcely to be found. So, in a way, I give in the present book my scien¬ 
tific testament. May I be forgiven under these circumstances if I reassemble the greater 
part of my life’s work. 

George R. Blake 

Chemical Activities of Fungi. By Jackson W. Foster. Academic Press, Inc., 

New York, 1949. Pp. 604. Price $9.50. 

Fungi have been receiving increasing attention in recent years, primarily 
because of growing recognition of their importance in the decomposition of plant 
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and animal residues; in the destruction of wood products, textiles, and other 
cellulosic materials; in the preparation of foodstuffs; in industrial fermentations; 
as causative agents of disease; and as producers of antibiotics. From the publica¬ 
tion of Lafar's monumental ‘‘Handbuch der technische Mycologie’’ and of 
Ozapek’s '^Biochemie der Pflanzen,” more than three decades ago, until the ap¬ 
pearance of Foster's book, no concentrated effort had been made, however, to 
systematize the information on the activities of this highly important group of 
microorganisms. 

Foster's book is not a mere literature compilation. It presents the main out¬ 
lines of the biochemistry of the fungi. The numerous facts are reinterpreted. The 
several chapters deal with: introduction, history, and perspective, methodology 
of mold metabolism, chemical nature of mold mycelium, general considerations 
of mold metabolism, natural variation, mutations, physiological genetics, and 
biochemical S3mtheses, trace element nutrition of fungi, lactic acid formation by 
fungi, alcoholic fermentation by molds, oxalic acid metabolism, fumaric and 
other C 4 “dicarboxylic acids, citric acid, itaconic acid, kojic acid, gluconic and 
other sugar acids, carbohydrates produced by fungi, nitrogen metabolism of 
fungi, other transformations in fungi, and microbiological aspects of penicillin. 

Hiis reviewer would like more space devoted to enzymes of the fungi with 
extensive application in industry, such as the diastatic, proteolytic, and pectic 
enzymes, the numerous antibiotics produced by fungi, the effects of tempera¬ 
ture, moisture, and other environmental factors upon the growth of fungi, the 
various aspects of spoilage and deterioration, and the mode of action of fungistatic 
and fungicidal agents. To treat these topics properly, however, would have re¬ 
quired far more space than would be justified within the covers of a single book. 
The reader can be grateful to the author for having made this important con¬ 
tribution. AH those who deal with fimgi and their role in human economy will 
find this book indispensable. 

Selman a. Waksman 

Annvjal Review of Biochemistry, Volume 18. Edited by J. Mxjiiray Luck. Annual 

Reviews, Inc., Stanford, California, 1949. Pp. 739. Price $6. 

This volume, like the preceding ones, should be of great interest and impor¬ 
tance to all those who are concerned with research in plant and animal chemistry. 
The authors of its 23 chapters are men of prominence in their respective fields, 
and they bring a wealth of reading and research to bear in the presentation of 
their re\dews. The subjects include biological oxidations; enzymes; chemistry 
of carbohydrate lipids, amino acids, proteins, neoplastic tissue, hormones, and 
antibiotics; metabolism of lipids, amino acids, proteins, phosphorus compounds, 
carbohydrates, and fluorine and other trace elements; fat and water-soluble 
vitamins; nutrition of man; metabolic inhibitors; insect biochemistry; nitrogenous 
constituents of plants; organic acids in plants; and mineral nutrition of plants. 
Much of the material in the volume is of considerable iuterest to soil-plant scien¬ 
tists. Each presentation is followed by a long list of references. The work of 
some 5,000 specialists in these fields of research is reviewed. 
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Crisscross Trails. By Mact H. Lapham. Willis E. Berg, Berkeley, California, 
1942. Pp. 246, figs. 32. Price $3. 

The author of this book records the experiences of a lifetime in the service of 
the Soil Survey of the TJ. S. Department of Agriculture. Starting in September 
1899, only 4 years after a Division of Agricultural Soils was created under the 
direction of Milton Whitney, the book continues through to the present or¬ 
ganization under the direction of Charles E. Kellogg. A great many important 
persons in this field of work pass in review on its pages. Thus one makes the ac¬ 
quaintance of, or renews his acquaintance with, Geib, Briggs, Means, Gardner, 
Dorsey, Bonsteel, Mooney, Cameron, Fairchild, Scofield, Wiley, King, Coffey, 
Marbut, Bennett, Lapham, Rice, Mangum, Hunt, Shaw, Widtsoe, Hilgard, 
Hopkins, Knight, McCall, and many others. The book is full of reminiscences of 
a great variety of field experiences. The foreword was written by Kellogg. Men 
who have spent any considerable time in soil survey work will find the book 
expecially interesting. An index would have added materially to the reference 
value of the book. 

Efficient Use of Fertilizers. Edited by Vladimib Ignatibff. Food and Agricultural 
Organization of the United Nations, Wadiington, D. C., 1949. I^. 183, figs. 49. 
Price, paper boimd, $2. 

This is agricultural study No. 9, of a series of booklets being published by the 
FAO. The editor is to be congratulated on having pieced together in so effective a 
maimer the statements prepared by the 36 contributors. The attractiveness of 
the publication is materially enhanced by some excellent photographs, notably 
those supplied by Charles E. Kellogg. The ei^t chapters are titled: the role of 
fertilizers; plant nutrients; the necessity for organic matter; conunercial fertilizers 
and soil amendments; use of fertilizers, manures, and soil amendments; crop 
sequences and fertilizers; plant-nutrient relationships to soil regions; and the 
farmer and the agricultural services. Each chapter is followed by a list of refer¬ 
ences for further reading. A table of conversion factors for areas, wei^ts, and 
measures is appended. 

Energy Resources of the World. Department of State. Superintendent of Docu¬ 
ments, Washington, D. C., 1949. Pp. 128, figs. 9. Price $2.25. 

This report was brou^t together under the direction of Nathaniel B. Guyol 
as an aid in the formulation of the foreign policy of the United States. It contains 
a compilation of data on the occurrence, production, processing, trade, and 
utilization of energy resources. All resomces of energy are expressed in terms of 
kilowatt-hours of electricity. The figures are on a triple-page scale and in color. 
The material in this report should be of great interest to many persons. 

Handbook of Chemistry. Seventh Edition. Edited by Norton Adolph Lange. 
Handbook Publishers, Inc., Sandusky, Ohio, 1949. Pp. 1934. Price $7. 

The author and his 75 capable collaborators have again rendered an excep¬ 
tional service to scientists in general and to chemists in particular in the compila- 
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tion of this book in its revised form. A considerable number of the tables have 
been extended or completely rewritten. The list of new tables include: abundance 
of the elements, glyceride content of drying oils, properties of hormones, ASTM 
classification of coals, formulas for calculating mineral-free BTU and fixed car¬ 
bon, density of fuming sulfuric acid solutions, dielectric constants, dipole move¬ 
ments, mass of water in saturated air, partial pressures of aqueous ammonia 
solutions, Kopp's rule for calculating specific heat, logarithms of equilibrium 
constants, viscosity of aqueous sucrose solutions, and viscosity of aqueous ethyl 
alcohol solutions. Special attention is directed to the first-aid measures and to 
the table of common hazardous chemicals. This book fills a highly important 
need and will find almost daily use in every active chemical laboratory. 

Hunger Signs in Crops, Second Edition. Prepared jointly by The American 

Society of Agronomy and the National Fertilizer Association. Judd and 

Detweiler, Inc., Washington, D. C., 1949. Pp. 390, figs. 118, color plates 124. 

Price $4.50. 

The first edition of this book filled such an important need and was so well 
received that it became evident that a second edition should follow as soon 
as the material for it could be assembled. This edition covers much the same 
ground as the previous one, but in a more complete fashion. That rapid progress 
has been made in this field of research is quite evident in the new volume. The 
first chapter has to do with the general nutrient requirements of plants, and 
the remaining eight chapters deal with nutrient deficiencies in tobacco, com 
and small grains, potatoes, cotton, vegetables, deciduous fmits, legumes, and 
citrus. The authors are men who have had special interest in the nutritional re¬ 
quirements of the crops assigned to them. They include Firman E. Bear, B. E. 
Brown, A. F. Camp, H. D. Chapman, H. P. Cooper, O. Wesley Davidson, 
Leroy Donald, G. N. Hoffer, G. V, C. Hou^and, H. A. Jones, Wesley P. Jud¬ 
kins, B. A. Erantz, J. E. McNurtrey Jr., Werner L. Nelson, E. R. Parker, E. R. 
Purvis, George D. Scarseth, J. J. Skinner, and Norman J. Volk. The book is 
destined to enjoy very wide distribution, some 15,000 copies having been on 
order before it was published. All soil-plant scientists will want a copy close 
at hand for ready reference. 

Irdrodudion to Radiochemistry, By Gerhart FErEDLANDER and Joseph W. 

EIennbdy. John Wiley and Sons, Inc., New York, 1949. Pp. 412. Price $5. 

Both of the authors have had considerable experience in radiochemical re¬ 
search. The topics considered are: naturally occurring radioactive substances; 
atomic nuclei; nuclear reactions; sources of bombarding particles; quantitative 
treatment of radioactive processes; types of radioactive decay; interactions of 
radiations with matter; instruments; statistical considerations; the identifica¬ 
tion, concentration, and isolation of radioactive species; study of new elements; 
and tracers in chemical applications. A very valuable appendix contains tables of 
radioactive and stable isotopes, cross sections of isotopic thermal neutron activa¬ 
tion, thick-target yields obtained with 14-Mev deuterons, and physical constants 
and conversion factors, and a selected list of 44 examination questions. Selected 
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references are appended to each chapter. No previous knowledge of nuclear 
physics is required of the student. The authors are to be congratulated on having 
presented the subject in such a satisfactory manner. Those who have written 
books will appreciate the large amount of painstaking effort that went into the 
preparation of this volume. 

Introduction to Soil Science, By G. W. Leeper. Melbourne University Press, 

Victoria, Australia, 1948. Pp. 222, figs. 37, plates 12. Price 21s. 

“The proper introduction to the study of the soil is not in the laboratory but 
in the field,’’ according to the author of this book. Accordingly, the book begins 
with profiles and maps, soil types, and soil formation, then proceeds to a con¬ 
sideration of colloids, soil water, aeration, drainage,- mechanical composition, 
and soil temperature, and, finally, deals with the chemistry of soils, with par¬ 
ticular reference to plant needs. The appendix gives some suggestions for teachers’ 
demonstrations, a selective bibliography of references, common and scientific 
names of plants, and a list of place names referred to in the text. The book is 
primarily designed for use in Australia. The author makes a special point of his 
intention to deal with the science rather than with the art of farming. The book 
merits special attention on the part of teachers who are searching for new ideas 
in instruction in this field of study. 

Introductory Botany, By Alexander Nelson. The Chronica Botanica Co., 

Waltham, Massachusetts, 1949. Pp. 479, figs. 121. Price $3.75. 

This book provides a somewhat new approach to the teaching of botany. 
The author has endeavored to fit the presentation to the needs of the student 
who is interested in botany as a cultural subject and yet to have it meet the 
requirements of those who desire to prepare for more advanced studies in this 
field. The book is divided into three sections: the first, dealing with morphology, 
anatomy, and classification; the second, with gymnospenns and non-flowering 
plants; and the third, with physiology, plant distribution, and genetics. The 
discussion begins with some primary definitions and then proceeds with the 
general theme of adaptation and evolution. The illustrations, designed to sup¬ 
plement actual botanical specimens, are exceptionally well done and constitute 
a highly important part of the book. Anyone who masters the contents of this 
book will feel at home in any ordinary presentation dealing with plant science. 
Departments of botany might find it very much worth while to give this book 
a trial for classroom purposes. A second volume, dealing more particularly with 
the needs of students in medical schools, is in preparation. 

Irrigated SoilSy Their Fertility and Management, By D. W. Thorne and H. B. 

Peterson. The Blakiston Company, Philadelphia, 1949. Pp. 288, figs. 74. 

Price $6. 

There has long been need for a good new text on the management of irrigated 
soils. This book meets that need admirably. Dedicated to Eugene Woldemar 
Hilgard and Franklin Stewart Harris, whose books on closely related subjects 
are agricultural classics, this book deals with the problems of irrigated arid re- 
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gions; the nature of the soils; plant relationships; evaluating land for irrigation; 
application of water; drainage; reclamation of saline and alkaline soils; control 
of their physical, biological, and chemical properties; and soil management in 
relation to field crop, fruit, and vegetable production. A glossary and some 
useful tables of chemical information are appended. The material is lucidly pre¬ 
sented, and the illustrations are excellent. The authors are to be congratulated 
on having done an excellent job of presenting important facts in relation to this 
type of agriculture. 

The Jowmal of Soil Science. Volume 1, Number 1. Edited by G. V. Jacks. Oxford 

University Press, London, 1949. Pp. 122. Price per number 17/6. 

This new journal is to be published annually. Two numbers constitute a 
volume. The first number contains 11 articles by well-known European soil 
scientists on the following subjects: effect of pH on electric charges carried on 
clay particles; climatic index for leaching factor in soil formation; frost soils on 
Mount Kenya and relation of frost soils to aeolian deposits; geomorphology and 
soil science; association of hydrologic sequence in certain soils of podzolic zone 
of northeast Scotland; podzolic soils of Wales; imderwater soils: review of lake 
sediments; dependence of transpiration on weather and soil conditions; notes on 
recording and interpretation of x-ray diagrams of soil clays; x-ray defraction 
study of hunaification; and movement and precipitation of iron oxides in podzol 
soils. The quality of the papers in this fibrst issue is of a high order. 

Laboratory Manual and Problems in General Chemistry. By A. W. Laxjbengayer. 

Rinehart and Company, Inc., New York, 1949. Pp. 230. Price $2.25. 

This is a paper-bound manual for the use of beginning students in chemistry 
as well as those who have had some training in the subject. Blank spaces are 
provided for notes and blank pages for supplemental experiments and for re¬ 
cording solutions of the 336 problems contained in the manual. The appendix 
includes a series of tables of weights, measures, potentials, constants, solubilities, 
and other essential data, including the periodic table. The material is well pre¬ 
pared and should be very interesting to those who have to do with laboratory 
instruction, whether in chemistry or in other related sciences. 

Make Friends with Your Land. By Leonard Wickenden. The Devin-Adair 

Company, New York, 1949. Pp. 132. Price $2.50. 

Another of the growing list of books dedicated to the development of “organi- 
culture” as opposed to ‘^chemiculture” of plants, this book repeats the arguments 
of Albert Howard and adds a few interesting touches. The possible quantity of 
compost that could be produced annually is set at 7,500 million tons and the 
cost of manufacturing it on a large scale at $1.35 a ton. Directions are given for 
producing compost. Special emphasis is given to Waksman's work with anti¬ 
biotics as a possible explanation of the good effects of composts. The book merits 
reading, as do most of the others of this group, because there is a considerable 
element of truth as w'ell as fancy in what is being written on this subject. 
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Man and His Physical Universe, Revised Edition. Edited by Frank Covert 
Jean, Ezra Ciarence Harrah, and Fred Louis Herman. Ginn and Com¬ 
pany, 1949. Pp. 643. Price $4. 

The purpose of this book is to present a course of instruction for nonscience 
students that cuts across the sciences to develop understandings “in such a way 
as to influence significantly the beliefs, philosophy, behavior, and attitudes of 
the future citizens of our democracy.^’ With this in mind, science is considered 
under six headings: man’s increased knowledge of the cosmos has modified his 
thinking; the fundamental distinction formerly supposed to exist between matter 
and energy has been broken down; matter as organized energy possesses proper¬ 
ties which are indispensable to man; energy in many forms is used by ma n to 
advance civilization; the hydrosphere and the atmosphere are the chief factors 
of weather; and the earth’s surface is continually changing. Each of these sub¬ 
jects is developed by reviewing the work of the more important scientists who 
have contributed to our understanding of it. A list of important references is 
appended to each of the 30 chapters. The book is well illustrated. It makes very 
interesting reading for the scientist, and it should be very useful for the purpose 
for which it is primarily intended. 

The Nuffield Foundation Fourth Report, Secretary, Leslie Farrer-Brown. The 
University Press, Oxford, England, 1949. Pp. 127. 

This is a report of a £10 million foundation established by Lord NufBeld 6 
years ago. The general purpose of the foimdation is to promote the health and 
well-being of mankind by assisting in the discovery of new knowledge in medicine 
and in the natural and social sciences. Large sums are being invested in basic 
scientific research and in the instruments that are necessary for its accomplish¬ 
ment in the United Kingdom. Fellowships and scholarships are being provided 
for study in other coxmtries. Special interest is indicated in such problems as rheu¬ 
matism and the care of aged poor. Eleven traveling scholarships have been 
awarded to young farmers to visit Canada, The United States, Scandinavian 
Countries, New Zealand, and Southern Rhodesia. 

Le Phosphore et la Vie, By Albert Demolon and Albert Marquis. Presses 
Universitaires de France, Paris, 1949. Pp. 118, figs. 9. 

This paper-bound pocket edition deals with the distribution of phosphorus; 
its role in plant, animal, and human life; and its use in agriculture. Its tables show 
world consumption of mineral phosphates and of basic slag. This convenient¬ 
sized booklet is justwhat the graduate student, who is trying to develop a reading 
knowledge of French, needs to have in his pocket for reading practice during his 
spare moments of the day. 

Plant and Soil Water Relationships. By Paul J. Kramer. McGraw-Hill Book 
Company, Inc., New York, 1949. Pp. 347, figs. 50. Price $4.50. 

The approach to the subject of plant and soil water relationships is that of 
the plant physiologist. The book is designed to meet the need of plant scientists 
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for an understanding of the principles involved. The discussion begins with a 
historical introduction, in which the early studies of Grew, Malpighi, Hales, De 
Candolle, and Dutrochet are reviewed. This is followed by chapters on soil- 
moisture relations, factors affecting the supply of soil moisture, its measurement 
and control, structure and growth of roots, factors affecting development of 
root systems, root and stem pressures and exudation phenomena, processes and 
factors affecting absorption of water and solutes, and absorption deficits and 
their effects on plants. An extended bibliography of some 700 important refer¬ 
ences is appended. The illustrations are excellent and well chosen to supplement 
the text. The method of presentation is that of a good teacher who endeavors to 
simplify the subject to the end that the various phenomena can be readily under¬ 
stood even by those who are not specialists in his field of study. The book merits 
an important place on the shelves of those who are concerned with plant produc¬ 
tion problems. 

Principles of Field Crop Production, By John H. Martin and Warren H. 

Leonard. The Macmillan Company, New York, 1949. Pp. 1176, figs. 305. 

Price $6. 

The authors are to be congratulated on having assembled such a wealth of 
very useful material on the principles of field crop production. The book is di¬ 
vided into five parts, of which the first deals with general principles, the second 
with crops of the grass family, the third with legumes, the fourth with mis¬ 
cellaneous crops, and the fifth, the appendix, with seeding rates, plant composi¬ 
tion, conversion tables, and trade names of seed-treatment chemicals. The 
chapters on perennial forage grasses, misceUaneous legumes, and miscellaneous 
industrial crops are of special interest in that they introduce a considerable num¬ 
ber of crop plants with which the average agronomist has had very little experi¬ 
ence- A long list of important references is appended to each chapter. The illus¬ 
trations are excellent. The appendix contains an extended glossary of agronomic 
terms. Both the commoD and the scientific names of plants are shown in the 
index. The book should gain an important place in agronomic literature. 

The Principles of Soil Science. By Alexius A. J. de’Sigmond. Thomas Murby 

and Company, London, 1949. Pp. 362, figs. 34. Price $5.50. 

This appears to be a republication of the 1938 edition, which was translated 
by A. B. Yolland and edited by G. V. Jacks. The book is divided into four parts: 
genetics, agronomy, systematics, and cartography. The sections of Part II in 
the original that dealt with soil physics and soil microbiology have been omitted 
from this volume. The book, which should be of special value to pedologists, 
merits a place in every soils library. The author’s definition of agronomy is of 
interest: 

The determination of types comes within the scope of agronomy, the branch of soil 
science which deals with the characterization of soils. The characteristics of soils may be 
divided into four groups—^those revealed by held studies, and physical, chemical, and bio¬ 
logical characteristics. Agronomy describes and systemizes the nature and pedological 
importance of these characteristics, and thus leads up to soil classification—or rather to 
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soil systematics. In the latter^ the genetic basis is insufficient, indeed it is very often quite 
uncertain, particularly when dealing with soil horizons of non>typical formation. 

Proceedings of the Irder-Arnerican Conference on Conservation of Renewable Natural 
Resources. The Department of State, Division of Publications, Office of Public 
Affairs, Washington, D. C., 1949. Pp. 782. May be obtained from the Superin- 
intendent of Documents, Government Printing Office, Washington 25, D. C. 
Price $2.25. 

This is publication 3382 of the Department of State. It covers the conference 
that was held at Denver, Colorado, September 7 to 20, 1948. The six sections 
deal with human populations and productivity capacity of the land, renewable 
resources and international relations, land use and the social sciences, d 3 mamics 
of renewable resources, education in conservation dynamics, and con¬ 

servation effective. More than 100 papers were presented by specialists from 
essentially all of the Pan-American nations. The secretary-general was William 
Vogt. The papers are of such variety as to make difficult an adequate short review. 
Almost any scientist will fibad something of great interest to him in the papers 
presented. This is especially true for those who are concerned with the soil and 
plant sciences in relation to food production. Publication of a Spanish version of 
the proceedings is expected within the next year. 

Qaimica Coloidal del Sudo; I. Fenomenos de Superfide. By M. Tschapek. Publi¬ 
cations de Extension Cultural y Didactica, No. 3, Imprenta y Casa Editora 
(Coni), Buenos Aires, 1949. Pp. 344, figs. 118. 

In this well-developed treatise on the colloidal chemistry of soils, the several 
chapters deal with edaphology, colloidal chemistry, adsorption, origin and prop¬ 
erties of dispersed minerals, interaction of minerals and ions, Donnan equilibrium, 
and interaction of minerals, water, gases, and bacteria. Reference is made to the 
work of some 500 authors. The book is a highly constructive and well-demon¬ 
strated presentation and should be of much interest to soil physicists and physical 
chemists. 

Radioactive Tracer Techniques. By George K. Schweitzer and Ira B. Whitney. 
D. Van Nostrand Company, Inc., New York, 1949. Pp. 241, figs. 13. Price 
$3.25. 

The purpose of this book is to serve as a guide for laboratory work in the use 
of radioactive tracers. The first part deals with the fundamentals, after which a 
series of basic, chemical, physical, and biological experiments are outlined. The 
remainder of the book deals with methods, peculiarities of radioactivity measure¬ 
ments, and properties of radioactive substances. Special attention is given to 
the hazards involved. One chapter deals with special preparations. The appendix 
includes an outline of a lecture course, form for writing up laboratory experi¬ 
ments, a statement on surgical gloves, radiolaboratory apparatus list, a list of 
suppliers, scales of 32 and 64, some radioisotopes of tracer interest, and a table 
of fundamental constants. The book fills a highly important place as an aid to 
instructional work in this field of study. 
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Streptomycin, Its Nctture and Practiced Applications. Edited by Sblman A. Waks- 

MAN. The Williams & WiUdns Co., 1949. Pp. 618, figs. 95. Price $10. 

The organism that produces streptomycin was first isolated in September 1943, 
at the New Jersey Agricultural Experiment Station. Now, 6 years later, we have 
this large volume that giv® detailed records of the use of this antibiotic as a cura¬ 
tive agent in a wide variety of human, animal, and plant ills, and a discussion of 
the problems related thereto. In the preface one reads: “Probably no other drug 
in the history of medical science has had such a phenomenonal rise as strepto¬ 
mycin.” Later one notes that “in the presence of meningitis, the immediate 
re^ts of the treatment may be dramatic.” Again, an author reports that 
“streptomycin is already, by unanimous agreement, the most effective avail¬ 
able agent in the treatment of tularemia.” It is also shown that “streptomycin 
inhibits the growth of most of the gram-negative bacteria that are responsible 
for infection in the urinary tract.” Finally, a plant pathologist concludes that 
“streptomycin maybe useful in controlling seed-borne bacterial diseases of plants.” 
The contributors number 58, including many well-known members of the un¬ 
iversity, medical, and industrial research staffs of the United States and Canada. 
The book covers the clinical uses, microbiological and chemical aspects, and the 
pharmacological properties of the product, and amply justifies its existence for 
that purpose alone. But it is entitled to a much wider reading by those who desire 
or need to know something more definite about the possibilities of the scientific 
method when rigidly applied to the solution of pressing problems. 

Studies in Plant Life. Second Edition. By Harvey E. Stork. Burgess Publishing 

Co., Minneapolis, Minnesota. Pp. 115. Price $3. 

This is a loose-leaf laboratory guide, bound in cardboard and with a coiled- 
wire back. It covers one semester’s work in 16 units. These include gross struc¬ 
ture, the cell, kinds of cells and tissues, typical leaf structure, atypical leaf, 
chlorophyll and photo^thesis, light and gas relations, respiration, roots, trans¬ 
piration, endogenous stem, exogenous stem, wood, flower, fruit, and heredity. 
Excellent illustrations are shown, and blank space is available for students’ 
notes and drawings. Each chapter is concluded with a selected bibliography. A 
list and key to common species of trees are diown. A 9-page glossary is appended. 
The manual is intended to aid the student “to see clearly and understand thor¬ 
oughly the plant or plant parts studied each day.” The material is exceptionally 
well designed for the purposes in mind. 


The Editors 



BEHAVIOR OF HYDROGEN IN ION-EXCHANGE REACTIONS^ 

C. KRISHNAMOORTHY and ROY OVERSTREET 
University of California 
Received for publication June 10,1049 

In recent studies of the properties of a number of ion-exchange materials (2,3,) 
very satisfactory expressions were developed for the exchange between a large 
number of ion pairs. These expressions have been found appropriate for mono¬ 
valent, divalent, and trivalent ions over wide variations in ion concentration and 
in amount of adsorbent. 

A notable exception, however, was encountered in ion pairs involving hydrogen. 
It was found that the equilibrium conditions for exchange processes with hydro 
gen cannot be predicted by means of any theory proposed thus far. This is the 
case with a variety of adsorbents such as clays, soil colloids, and S3Tithetic resins. 

The anomalous behavior of H+ in the exchange reactions of soil colloids was 
noted a good many years ago by Jenny (4). The phenomenon seems to 
have missed the attention of scientists in other fields. Even as late as 1947, Boyd 
et aL (1) in reporting their work on synthetic resins implied that H ion can be 
treated by methods applicable to other ions. 

A possible reason for the H problem may be foimd in the fundamental assump¬ 
tions necessary for formulation of any ion-exchange equation. In a recent treat¬ 
ment of the theory of ion-exchange (2), the authors pointed out that since ex¬ 
change equations contain concentrations of ions only, certain assumptions are 
implicit in all equations of this kind. Most important of these is the assumption 
that either the specific interaction energies of the ions in question with 
the charged surface and with the molecules of the medium are constant over a 
wide variety of conditions or their differences for a chosen pair of ions is constant. 
Unless this condition is fulfilled no ion-exchange formulation based on concentra¬ 
tion terms is possible. 

For pairs of ions that are completely “dissociated,” that is, ions which interact 
with the surface by purely electrostatic forces of ordinary strength, this assumption 
appears reasonable. On the other hand, for ions that may be held to the surface 
by covalent bonds or the imusually strong electrostatic bonds of very small ions 
as well as by ordinary electrostatic forces, it seems that their specific interactions 
or the difference between their interactions and those of other ions would not be 
independent of their amounts. This might very well be the case with hydrogen 
ion, since considerable evidence points to the fact that adsorbed hydrogen in 
clays and soil colloids is not completely “dissociated.” 

Thus a rigorous treatment of the hydrogen problem would seem to require cal¬ 
culation of a “dissociation constant” for adsorbed hydrogen. The determination 

1 Taken from a thesis submitted by the senior author in partial fulfillment of the require¬ 
ments for the degree of doctor of philosophy in soil chemistry, 1949. 
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of such a constant must be indirect, since the “dissociation” occurs entirely within 
the adsorbent phase. This problem will be considered in a later paper. 

On the other hand, because hydrogen appears to be unique among ions in its 
behavior, certain solutions of the hydrogen problem by the arbitrary use of con¬ 
venient parameters are possible. These solutions are particularly worthwhile, 
because of their simplicity and usefulness. One such treatment of the problem 
follows. 


SOLUTION OP THE HYDROGEN PROBLEM BY USE OP PARAMETERS 

In many exchange studies (3), it has been found that the formulation based on 
the theory of Guggenheim gives a very satisfactory exchange constant between 
any chosen ion pair not involving H+. This was found to be true regardless of the 
amounts of other ionic species in the system, including hydrogen. Numerous ex¬ 
periments with clays and S 3 nithetic resins have been made in which the amounts 
of H(c 5 d) remaining on the adsorbent varied from about 10 per cent to 90 per cent. 
Even with such a wide variation, the exchange constants for the pairs NH 4 -K, 
Rb-Ca, and Cs-La on clays and NH 4 -K, K-Ca, Rb-Ca, Cs-La, and Rb-La on 
the resin IR 100 were the same as those obtained with systems containing only the 
pair of ions xmder consideration. On the basis of these experiments the following 
argument seems valid: If none of the complementary ions including H(ad) has an 
effect on the exchange constant between any other pair of ions, then it is reason¬ 
able to conclude that any given complementary ion will have no effect on the dis¬ 
tribution of H between the adsorbent and the aqueous phase in comparison with 
a similar distribution of any other ion. This conclusion provides a basis for the 
solution of the hydrogen problem. 

With this argument in mind, let us consider an equilibrium ^stem consisting 
of an adsorbent phase and an aqueous phase and containing a number of ionic 
components such as Na, K, H, Ca, and La. Now, as the amounts of the ionic com¬ 
ponents are varied over wide limits, it has been experimentally demonstrated 
that the following ionic exchange expressions based on a modification of Guggen¬ 
heim’s theory are correct: 

K(ad) CNa^ _ ^ 

(K+) Na(ad) 


K(ad)* (Ca-^ _ , 
(K+)* Ca(ad)^ “ 




KCod)' (La"^ _ j. 
(K+)* ^ La(ad)-«» 


(S) 


where the quantities in parentheses denote activities of the ions in the aqueous 
phases and tt = = [2 La(ad) + Ca(ad) + K(ad) + Na(ad) + H(ad) + 


Similar expressions can be shown to be valid for all ion pairs except those in¬ 
volving H+. That is, we find exDerimentall 7 : 



HYDROGEN IN ION EXCHANGE 


89 


H(a^ 

(H+) 


(K+) 

K(ad) 


coQstaiit 


H(od)* 

(H+)* 


(Ca-^ 

Ca(a<2)*w 


5^ constant 


H(a^* 

■(H+)» 


(La^ 

La(a<Q-itt‘ 


7 ^ constant 


a) 

(5) 

(5) 


As a possible solution to this problem, let us assume that for the foregoing sys¬ 
tems an unknown function, /H(ad), of the adsorbed hydrogen exists such that for 

a particular value of 5^^: 

V- 


aH(a<o ^ /H(ad) / K(ad) ^ /H(od) 
GKCiui) IX / fi K(ad} 

ai<^) ^ [/H(ad)]^ / Ca(ad) ^ [/HM]" 
oc»(<id) n* / IX Ca.{ad)'ix 

q|(«o ^ [/H(ad)]* / La(ad) ^ [ /H(ad)]* 
aLa(a<i) y? / IX La(ad)*pt® 

where ajrOid) etc. refer to ionic activities. Then 


/H(ad) (K+) 


(H+) 

K(ad) 

[/H(ad)]* 

(Ca++) 

(H+)» 

Ca(ad)-/i 

I/H(ad)]* 

(La+++) 

(H+)* 

La(ad)-^^ 


— 




fcn-La 


(7) 

(5) 


(5) 


Althou^ the existence of such a function /H(ad) seems hi^y probable for a 
large number of ^Tstems, it is not subject to direct estimation. On the other hand, 
jfH(ad) can be arbitrarily defined by means of the egression 


mad) 


K(adD 

(K+) 




(.iO) 


Then by substitution of the value of fll(ad) so defined in equations (7), (5), and 
(P), the exchanp constants fcn-K, /cn-ca, and fen-La assume the arbitrary values of 
ly and A/H—La* 
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Justification for the foregoing procedure can be tested experimentally by cal¬ 
culating/E[(ad) by means of equation {10) for a mde range of values of 

and observing the constancy of k^-ca., etc. 

It is immataial whether/H(ad) is defined with re^ct to E, Na, Eb, Ca, or La, 
because the equilibrium constant between any pair these ions is unaSected by 
the amount of H(ad) and other complementary ions. Thus/H(ad) defined above 

as CH'*") "wfil differ from jfH(ad) defined with respect to Rb or Oa by eon- 
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Fig. 2. Relation of fH.{ad) to 


FOB THE Synthetic Resin ER 100 


stant factors. These factors are equal to the exchange constants between Rb and 
K or Ca and K. 


EXPEBlMENTAIi DETERMINATION OP /H(ad) 

For the region of high values of —a known amount of H-adsorbent was 

equilibrated with varying amounts of KCl in a constant volume. The amounts of 
K+ and H+ were then determined and K(ad) and H(ad) were estimated by dif- 
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ference. Then /H(ad) was calculated by means of equation {10). For the middle 

■rr / 

values of ——- it was often found preferable to cany out the ejsperiments with 

RbCl or CsCl instead of KCl. The values of fR{ad) so obtained were then con¬ 
verted to the same basis by multiplying by appropriate known exchange con- 


TABLE 1 

Equilibrium data for the H-Cs exchange on Utah bentonite 


1.15 gm. clay = 1,498 me. was used in all cases. All concentrations are given in terms of me. 

per 100 ml- of suspension 


H(«D 


Cs(ai) 

* 

Cs+ 

HCtfi) 


. H(«0 (Cs+) 

’Cs(«0 

H(<k 0 + Cs(fli) 

graphic 

(H+) CsCfld) 

1.431 

2.165 


.057 

per cent 

95.5 

.576 

0.565 

.227 

1.322 

1.727 


.196; 

88.3 

.356 


.230 


0.834 1 


.330 

80,7 

.166 

1.648 

.221 


0.612 i 


.445 

71.8 

.132 

1.832 

.227 

■ 


.558 

.558 

62.8 

.122 

1.786 

.222 


TABLE 2 

Equilibrium data for the H-Ca exchange on resin IB 100 


1.0 gm. resin = 1.72 me. was used in all cases. All concentrations are given in terms of me. 

per 100 ml. of suspension 


H(«0 


CaH- 

Ca((K0 


4 H((Kn* 

(H+)* 

<Ca^) 

(C-) 





graphic 

Ca(tfi)IUCa(«0 + H(«01 

Ca(«i)[lJCa(a«) + 

1.219 

5.721 

.0293 

0.501 

2.83 

1.08 X 10"* 

5.78 X 10-» 

1.128 

6.812 

.0439 

0.592 


1.17 X 10"* 

5.64 X 10-* 

0.967 

5.973 

.0948 

0.753 

1.96 

1.39 X 10-* 

5.72 X 10" * 

0.737 

3.071 

.0767 

0.983 

1.18 

2.10 X 10"» 

5.42 X 10" * 

0.486 

1 

2.278 

.356 

1.234 


6.78 X 10"* 

5.71 X 10-» 


stants. For the region of low values of —^K-adsorbents, Rb-adsorbents, or Cs- 

adsorbents were equilibrated with HCl, and/H(ad) was determiiied as previously. 
Thevaluesof/S(ad) for Utah bentonite calculatedwithrespect to Rb,/H(ad) = 

(H+), are plotted against - in figure 1. For the resin, IR 100, /H(ad!) 

/i 

calculated with respect to K is plotted against in figure 2. It will be noted 

from the graphs that /B[(ad) has the units of milliequivalents per unit weight.® 

* When used in an exchange equation/H(od) must have the units of milliequivalents per 
unit volume. When the concentration of adsorbent is known, however, the values of the 
table can be readily expressed in these terms also. 
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TOE OF GRAPHS OF /H(ad) 

Having plotted/H(a<i) against for a given adsorbent, one can, theoreti- 

cally, calculate, by means of the graph and equilibrium data, a satisfactory ex¬ 
change constant for any ion pair involving hydrogen. For example, the values of 
/H(ad), calculated with respect to Rb, for Utah bentonite are obtainable from 
figure 1. Equilibrium data for the H-Cs exchange in Utah bentonite are given in 
table 1. The values of the exchange constant calculated in terms of H(ad) and 
fK(ad) are given in the last two columns of the table. 

Similarly, from data for the H-Ca exchange on the resin IR 100, values of the 
exchange constant calculated from H(ad) and /H(ad) (from figure 2) are pre¬ 
sented in the last two columns of table 2. 

DISCUSSION AND SUMMAEY 

Experimental data such as those reported in tables 1 and 2 indicate that the 
arbitrarily defined and experimentally determined function fH(ad) can be used 
successfully for calculation of ion-exchange constants for ion pairs involving hy- 

drogen. That is, once a graph of jfH(ad) versus ——- has been constructed for a 

given material, the problem of formulation of satisfactory expressions for ex¬ 
changes with hydrogen in the material is practically solved. 

The function fH.{ad) as defined is uniquely determined by the value of 
as long as one works with a constant amount of the adsorbent. It should be noted, 
however, that although is dimensionless,/H(ad) as defined has the dimen¬ 
sions of concentration and is conveniently expressed in terms of milliequivalents 
per gram of adsorbent. It will vary linearly, therefore, with the amount of adsor¬ 
bent used for experimentation. In the calculation of equilibrium constants this 
fact must be taken into consideration. 

It is to be noted that /H(ad) defined as above is very different from the pH of 
the suspension. For example, /H(ad) is independent of particle size and the kind 
of complementary ions. The pH of a suspension is strongly infiuenced by these 
factors. Moreover, it is well known that the pH does not vary linearly with the 
amount of adsorbent. 


KEFERENCES 

<1) Boyd, G. E., Schubeet, J., and Adamson, A. W. 1947 The exchange adsorption of 
ions from aqueous solutions by organic zeolites: I. Jour. Amer. Chem. Soc. 69: 
2818-2829. 

<2) Ejbishnamoortht, C., and Overstreet, R. 1949 Theory of ion-exchange relation¬ 
ships. Soil Sci. 68 : 307-315. 

(3) Krishnamoorthy, C., and Overstreet, R. 1950 An experimental evaluation of 
ion-exchange relationships. Soil Sci. 69 : 41-53. 

<4) Jenny, H. 1936 Simple kinetic theory of ionic exchange: I. Jour. Phys. Chem. 40: 
501-517. 




A SIMPLE VOLUME-WEIGHT SAMPLER AXD PROCEDURE 

E. J. DORTIGXAC 

Rocky Mountain Forest and Range Experiment Station^ 

Received for publication August 6.1949 

Rleasm^ements of the apparent specific gravity or volume weight of soils are 
useful in deteimining porosity as an index of soil stmcture. They also have im¬ 
portant practical applications for the conversion of soil water from a weight to a 
volume basis. Expressing soil moisture in inches-depth of water per foot of soil 
simplifies the analysis and discussion of what happens to precipitation or irriga¬ 
tion water after it enters the soil profile. 

Several methods (4, 9, 11, 12) have been proposed for measuring vol¬ 
ume weight. Use of a soil tube to remove a core of soil in its natural structure is 
now common because of its ease of sampling. Numerous types and sizes of soil¬ 
sampling tubes have been used b}^ soil investigators, engineers, and agronomists 
(2, 3, 5, 6, 7, 8,10,11,12). Veiy little information is available on the instrumental 
eiTor and reliability of these instimments. It is believed that tubes of small diam¬ 
eter cause compression and that hammering the cylinder results in shattering 
the soil. A sampler that eliminates these objectionable alterations of the soil 
should give a reliable measure of pore volumes. 

DESCEIPTION OF SAMPLER 

A volume-weight sampler and procediu'e were developed and used on the Guay- 
ule Emergency Rubber Project-. This sampler was used in studies of certain agri¬ 
cultural soils in California and Texas. More recently it has been used in studies of 
the relationship between soil stmcture and infiltration capacitj^ on mountain 
range land in Colorado. One of the aims of the latter studies was to determine the 
effect of trampling by livestock on soil compaction and how this reduction in non- 
capillarj^ porosity affects infiltration capacity of the soil. The sampling equip¬ 
ment and procedure have given satisfactory results, both on the mountainous 
timber and range lands and on agricultural alluvial soils. 

The sampling equipment is shovm in figm^es 1 and 2. It consists mainly of three 
sampling tubes, tube plug, hydraulic jack, and extraction brackets A small metal 
pan and oilcloth, or tarpaulin, can be used for collecting any soil spilled during the 
cutting and extraction process. The equipment is constructed of seamless steel 
tubing of various gages, boiler plate steel, and strap iron. Tubing of standard size 
maj^ have to be turned down on a lathe to obtain the indicated dimensions. A 

^ jMaintained by the Forest Service, U. S. Department of Agriculture, in cooperation 
with Colorado A & M College at Fort Collins, Colorado. 

2 Dortignac, E. J. Guayule response to soil moisture under dryland culture in California 
(Processed). Emergency Rubber Project Report. 1946. 

3 The equipment shown is heavier than needed for most sampling conditions. Where 
sampling locations can be reached only on foot, the equipment can be lightened by employ¬ 
ing a smaller hydraulic jack and duralumin material. 
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maximum 3-iiicli length of soil core is obtainable with the tube showm, but the 
equipment may be modified accordingly for any length needed. Also, a tube-diam¬ 
eter of 4j|- inches provides a simple conversion factor of 250 cc. of volume per 
inch of core length. 

In Guayule Emergencj’' Rubber Project investigations by the writer during 
1942 and 1943, soil cores w-ere taken with tubes that varied in size from | inch (11) 
to about 3.5 inches. Although the smaller tube allow'ed sampling of the deeper 
soil layers, it was discarded for volume-weight determinations because of the 
large sampling error. Variable compression of the soil contributed a large part of 
the error. When soil cores measured less than the amount sampled, it was some¬ 
times difficult to determine w’hether gravel forced ahead of the tube or compres¬ 
sion of soil was responsible for the shortened core length. Inserting a calibrated 
rod into the tube before and after its extraction from the soil made it possible to 



Fig. 1. View of Sampling Equipment with Wooden Storage Box 


ascertain 'whether any soil w^as lost while the tube \vas being pulled out. Length 
of soil core was also checked by measurements after removal from the tube. 

Some idea of discrepancy between volume w^eights obtained wdth variable sized 
tubes as well as sampling variations are presented in table 1. Samples represent 
averages for twm sites on Ramona sandy loam near March Field in southern Cali¬ 
fornia. Soil profiles were very similar at these tw’o locations, though variations in 
soil contributed somewhat to sampling error. The mean values and deviations 
represent about 20 samples at each depth with the small tube and only a few repli¬ 
cations vdth the larger tubes. Even so, the sampling error of the larger tubes was 
much smaller. Variation between replications decreased with each successive in¬ 
crease in tube diameter. Volume weights obtained with the smaller tube are given 
both on the basis of actual soil-core length and that determined by outside meas¬ 
urements on the tube before and after it was driven into the soil. Only soil cores 
measuring more than 80 per cent of the length indicated by markings on the out¬ 
side of the |-inch tube were used in this comparison. 
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Samples were taken at the editing point and at the field capacity. Moisture con¬ 
tent ranged from 4.6 to 5.8 per cent at wilting point and from 10.0 to 11.7 per 
cent at field capacity. Upper limits represent the B horizon and lower limits the 




surface foot of the A horizon. Apparently moisture content had little effect on 
volume weight in this soil type. 

Volume weight determined by outside measurements on the small diameter 
tube corresponded more closely to values obtained with the larger tubes at both 
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moisture contents. Yet, no significant regression could be established between 
volume weights obtained with these tubes. Correlations were even poorer in 
several other soil types studied, and relationships were not consistent from soil to 
soil. 


FIELD PROCEDURE 

Samples may be taken at any moisture content, but those taken at the field 
capacity furnish one of the most accurate measures of the true capillary porosity 
of the soil. Also, the sampling procedure is improved, since the soil core does not 

TABLE 1 

Comparison of mean volume weights and deviations determined at wilting point and at field 

capacity with variable sized tubes 


Ramona sandy loam—near March Field, Calif. 


HORIZON 

SOIL 

DEPTH 

TEXTURE* 

SAMPLES AT WILTING POINT 

SAMPLES AT FIELD CAPACITY 

l-inch tube 

i 

i-inch tube 

i 

|li-inch tube 

Measured 

1 core 

Tube meas. 

j3g-inch tube 

1 Measured 

1 core 

Tube meas. 


Volume weight 

A 

! 0-1 

i Sandy loam 

1.69 

1 1.33 

1.45 

1.65 

1.56 

1.48 

A 

1-2 

1 Sandy loam 

1.71 , 

1.49 

1.53 

1.53 

1.45 

1.50 

B 

2-3 

Loam 

1.62 

1.52 

1.60 

1.75 

1.64 

1.63 

C 

1 3-4 

Sandy loam 

1.62 

1.52 

1.50 

1.49 

1.41 

1.53 

C 

1 4-5 

Sandy loam 

1,60 

1.53 

1.46 

1.57 

1.49 

1 1.38 


Standard deviation ± 

A 

i 0-1 

1 Sandy loam 

0.33 1 

0.23 

0.07 

0.27 

0.17 

0.09 

A 

! 1-2 

; Sandy loam 

0.23 

0.15 

0.04 

0.08 

0.11 

0.10 

B 

i 2-3 

Loam 

0,11 

0.09 

0.03 

i 0.17 

0.28 ! 

0.08 

C 

; 3-4 

Sandj' loam 

0.16 1 

0.22 

0.03 

! 0.16 

0.10 

0.06 

C 

1 

Sandy loam 

0,22 

1 0.20 

0.04 

0.24 

0.32 

0.10 


* Soil textures in this and subsequent tables based on the Bouyoucos method formechani 
cal analysis (1). 


break up so readily as when diy. This is desirable in verj’^ coarse soils, particularly 
when the sample may be taken to the laboratory" for permeability or other physi¬ 
cal measurements requiring an intact core. 

In the guayuile-soils investigations a rectangular pit about 3 by 8 feet and 6 to 
7 feet deep was dug. Samples were obtained by horizon and textual changes. The 
soil cores were taken from one face of the excavation by impressing a 3|-inch^ tube 
from 4 to 6 inches (indicated by markings on the outside of cylinder) laterally into 
the earth (pit wall) by means of the hydraulic jack (fig. 3). Slow steady strokes 
were found superior to rapid motion in reducing the amount of compression. 

This diameter core fits in the standard 16-ounce friction sampling can. 
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After the cylinder was forced into the soil to the required depth, the tube plug was 
inserted in the open end of the cylinder to prevent an}" loss of soil sample or en¬ 
trance of any extraneous material into the tube during the excavation. 

The tube was removed by carefully- digging away the surrounding soil. The 
soil core was next smoothed off even with the cylinder by means of a sharpened 
trowel or hacksaw with the set ground off the teeth. This procedure tends to 



Fig. 3. Soil Cylinder Forced Laterally into the Side Wall of an Excavated 
Pit—LTvalde Silty Clay Loam, San Antonio, Texas 

smear or seal the pores, particularly in fine-textured soils. This action may inter¬ 
fere with laboratory peimeabilitj" or suction-table tests and is an important rea¬ 
son for favoring field determination of capillary porosity. 

The soil core was extracted from the sampling tube by use of the hydraulic 
jack, tube plug, and special bracket. The length of soil core was measured and 
checked against that indicated by markings on the outside of the tube. The maxi¬ 
mum amount of compression experienced with the 3f-inch diameter tube in a 4- 
inch core length was 0.15 inch. This value was obtained in the surface 
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soil of Lewisville silty clay near Seguin, Texas. The average compression in 20 
soils ranging from loamy sand to clay in both California and Texas amoimted to 
about 2 per cent. Compression varied both with moisture and with soil type. Very 
little compression occurred in samples taken in coarse-textured soils. 

The procedure employed in measuring soil structure as related to infiltration 
capacity on the mountain range lands was modified because of the different re¬ 
quirements. It was felt that the capillary and noncapillary porosity and volume 
weight of the soil nearest the surface would be more closely associated with its 
infiltration capacity. Therefore, cores of each of the top 3 inches of soil were taken 
in every infiltration plot several days® after completion of the run, allowing the 
soil sufficient time to drain to the field capacity. 



Fig. 4. Emplotixg the Front Bumper of a IJ-Ton Truck for Forcing the Cylinder 
INTO THE Soil—^M\nitou Experimental Forest, Colorado 

The front bumper of a 1 J-ton truck 'was used for forcing the 4y--inch tube into 
the soil by means of the hydraulic jack (fig. 4). The truck was used at each of the 
64 plot locations, including the timbered as w^eU as gi’assland areas on slopes vary¬ 
ing from 2 to 30 per cent.® Pressure was applied slow’lj’' and steadily so as to avoid 
compressing the soil. Numerous comparisons of measurements of the soil-surface 

® Approximately 3 to 5 days were allowed for internal drainage, depending on the tex¬ 
ture. Since plot surfaces were adequately covered with tarpaulins and plot frames had cut 
vegetative roots to a 3-inch depth, evaporation and transpiration losses were minimized 
during the drainage period. 

® The truck is part of the infiltrometer equipment and was used for jacking in the tube. 
Another method that may be employed is to sink two screw-type soil augers into the ground 
about 5 feet apart and attach a steel cross-member to the auger handles. 
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level within and outside the tube and of the soil-core length before, during, and 
after extraction from the tube showed no measurable compression. Certain in¬ 
vestigators (10, 12) have recommended lubricating the soil cylinder with petro¬ 
leum jelly or mercury both inside and outside before forcing it into the soil. Lubri¬ 
cation is not necessary with this sampling equipment when the large diameter 
tube is used. After the tube was forced into the soil to a 3-inch depth, the plug was 
inserted, and then the tube, plug, and soil core were carefully dug out. The excess 
soil was cut away, smoothed, and leveled with the end of the cylinder. The hy¬ 
draulic jack and special bracket were then employed in extracting the soil core 
(fig. 5). The core was forced out of the cylinder and carefully sliced off by 1-inch 
segments (fig. 6) and placed in a separate container for storage and analysis. 



INSTRUMENTAL ERROR AND SAMPLE VARIATION 

It is almost impossible to design an experiment in which the variations 
attributed solely to the volume-weight sampler can be segregated. Each repli¬ 
cated sample will contain soil variation due to position, which usually exceeds 
that caused by the measuring instimment. Some figures, however, are presented 
which give a good indication of the reliability of this equipment. 

Volume-weight figures obtained on one soil type in California and Texas are 
presented in table 2. These samples were obtained mth the 3|-inch diameter tube 
and varied from 4 to 6 inches in length. Three to four samples were taken at each 
indicated depth in one excavation in each type. The standard deviation is given 
for each average volume weight. These figures indicate that consistent results can 
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Lewisville silty clay—Segidn, Tex. 

Silty clay 
Silty clav 
Clay 

Siltv clav 


be obtained on agricultural soils relatively free of gravel. Close agreement be¬ 
tween replications was also obtained on agricultural sandy loam and loamy sand 
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An indication of the instrumental error on coarse mountain rang a and tim¬ 
bered soils was obtained in the Rocky Mountains about 25 Tnilas northwest of 
Colorado Springs. The sampled area included three of the 300- to 400-acre estpeti- 
mental pastures of the Rocky Mountain Forest and Range Experiment Station. 
The soil is alluvium derived almost entirely from Pikes Pe^ granite. The texture 
is a sandy loam with gravel larger than 2 mm. rangicg from 3 to 60 per cent and 
averaging 27 per cmt. Volume-weight samples were taken in 1946 in connection 
with an infiltration study employing a portable artificial rainmaker. 

The experimental dedgn included pastures of three grazing intensities: heavy, 
moderate, and light. Sampling was stratified in each pasture by three 
areas (upper, middle, and lower dope) and by three cover types (timber-litter, 
timber-grass, and grassland). Two volmne-wei^t samples were obtained ran¬ 
domly at each infiltration plot, one in the upper half and one in the lower end of 

TABLE 3 


Mean volume weights and deviations for upper and lower plot positions hy cover type and depth 


COVES TXPE 

DEFIE 

0-1 in. 

1-2 in. 

2-3 in. 



position 

Lower 

position 

TTpi^ 

position 

Lower 

position 


Volume weight 

Timber-litter. 

1.16 

1.17 

1.44 

IPi 



Timber-grassland. 

1.20 

1.19 

1.51 

WSm 



Grassland. 

1.21 

1.28 

1.49 

1.44 




Standard deviaiion zb 

Timber-litter. 

0.13 

0.12 

in 


HI 

0.15 

Timber-grassland. 

0.12 

0.17 

IS9 



0.11 

Grassland. 

0.16 

0.18 

Bi 


mB 

0.14 


the 2|-square-foot plots. Samples were taken by 1-ineh incrmnents to the 3-inch 
depth after soils had drained to the field capacity. Six soil samples at eadi of 54 
infiltration plots sampled 27 conditions. 

An nnaly aia was made of the main factors influencing volume wei^t as wdl as 
their interaction one upon the other. The interrelation of the number of plots, the 
position of the samples within the plots, and the depth to which the samples were 
taken formed the basis for approximating the instrumental error. The standard 
deviation was ±0.093, givii^ a coefficient of variation of 6.7 per cent. This co- 
effident may appear fairly large because it indudes variations due to soil dif¬ 
ferences between any two locations as well as instrumental error. In such a coarse- 
textured soil, laige variations may be expected, particularly in 1-indh cores with 
soil volumes of only 250 cc. In addition, tree and herbaceous roots and animal 
burrows contributed to sampling error. 
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Some idea of variation between positions, cover types, and soil depths is given 
in table 3. Since volume weight varied only with cover type and depth, the stand¬ 
ard deviations within these groupings eliminate their effect and approach the in¬ 
strumental error. These deviations also include all variations between plot loca¬ 
tions not attributed to cover type. In the grassland and timber-grassland types, 
sampling error averaged higher for the surface inch of soil than for deeper layers. 

The consistency of results and the small instrumental error do not in them¬ 
selves indicate entire freedom from bias. The latter can be determined only by a 
comparison of different methods. Comparisons were made between the tube and 
the clod-paraffin method, a modification of that described by Shaw (9). Large 
clods of soil of similar volume size to that obtained with the tube were used in the 
paraffin-immersion method. Soil samples were taken from adjacent positions at a 
single location in each t 3 npe so as to minimize variations due to soils. These com- 

TABLE 4 

Comparison of paraffin-immersion and tube methods of determining volume weights 


Placentia sandy loam—^near Banning, Calif. 


H08XZ0K 

Son. DXSTK 



VOLUia WEIGHT 

TBXTUBX 

Wlljiuro POINT 

Paraffin- 

immersion 

3i-mch tube 

A 


Sandy loam 

cent 

4.0 

1.67 

1.63 

B 


Sandy clay loam (clajrpan) 

6.2 

2.03 

1.96 


Martinez clay—near Uvalde, Tex. 


BDSIZON 

son. DEPTH 

TEXTUSS 

PIEIO 

CAPACXTE 

VOLUICB WEIGHT 

Sand 

Silt 

CUj 

Paraffin- 

immersion 

3|-indi tube 


ineka 

Per cent 

Percent 

Per cent 

per cent 



A 

0-6 

17 

32 

51 

34.1 

1.22 

1.28 

Bx 

18-36 

24 

25 

51 

27.5 

1.36 

1.42 

B, 

48-60 

26 

24 

50 

26.4 

1.43 

1.39 


parisons are presented in table 4 and show relatively close agreement between 
methods. The differences were within sampling variation, and no consistent bias 
was indicated. 


SUMMARY 

A volume-weight sampler and procedure are described for determining porosity 
of soils. The instrument is simple and inexpensive and has been used successfully 
on both cultivated and moxmtain soils. The field procedure suggested for deter¬ 
mining relative distribution of pore sizes is readily used in conjunction with arti¬ 
ficial rainmaker and irrigation experiments. It can also be used after natural pre¬ 
cipitation has saturated the soil horizon to be sampled. This field method is simple 
and rapid for surface soils, but more time-consuming for deeper soil horizons. The 
laboratory work involves merely weighing and oven-drying soil samples. 
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Some findings are given on expected variation between volume-weight meas¬ 
urements due largely to instrumental error. This error is small and indicates that 
consistent volume-wei^t measurements can be obtained with this instrument. 
The small error is due partly to the reduction of soil compression. Measurable 
compression of soil was eliminated by slowly forcing a tube 4.4 inches in diameter 
into the soil with a jack. 

The reliability of this instrument for volume-weight measurements is indi¬ 
cated by the favorable comparison with values obtained by the paraffin-immer¬ 
sion method. 
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EaFFECTS OP FUMIGATION AND OTHER SOIL TREATMENTS IN THE 
GREENHOUSE ON THE FUNGUS POPULATION OF 
OF OLD CITRUS SOIL^ 

JAMES P, MARTIN* 

University of CcMfomia Citrus Experiment Station 
Beodved for publioition August 1,1049 

Continuous cropping of the soil to the same plant often leads to a falling off in 
yields. In many instances this condition cannot be corrected by fertilization and 
is referred to as “soil sickness.” Certain investigators are of the opinion that “soil 
sickness” is caused primarily by a build-up of detrimental organisms in the soil 
(1, 2, 3, 9, 10, 13, 17). In this connection many citrus growers of southern CaJi- 
fomia have noted that trees of a second or third planting in old groves do not 
grow so well as those of the original planting or as plantings of similar trees on 
noncitrus soil. The condition is sometimes referred to as “slow decline of citrus,” 
or as the effect of “citrus-sick soil.” 

In greenhouse esperiments (21), sour and sweet orange seedlings made approxi¬ 
mately 50 to 175 per cent more growth in soil from areas which had never been 
cropped to citrus than in old citrus soil from adjacent areas which had supported 
citrus trees 40 to 70 years. The seedlings growing in the old citrus soil did not re¬ 
spond to soil applications of phosphorus, potassimn, magnesium, copper, zinc, 
boron, or manganese. The roots of the seedlings growing in the old citrus soil 
showed considerable decay, whereas those in noncitrus soil showed very little. 

In a survey of the saproph 3 d;ic fungus population of the soil, certain fungi were 
foimd to be more prevalent in old citrus soils than in adjacent noncitrus soils 
(20). One of these species, a strain of Fusarium soUtni, was repeatedly isolated 
from surface-sterilized feeder roots. This organism may be a secondary invader 
following primary infestation by the citrus root nematode, Tylenchidus semipene-^ 
trans Cobb, which has been found in considerable concentration in the feeder roots 
of citrus trees growing in old citrus soils (4,7,24); or following primary infection 
by the pathogenic fungus Phytophthora, which also has been found in old citrus 
soils (8, 16). Pure culture studies not yet published indicate, however, that F. 
mhm is able to penetrate and decay the root tips of young, developing citrus 
seedlings. Furthermore, in greenhouse and sand-culture studies, cropping to citrus 
seedlings for 18 months had a pronouncedly depressing effect on a second planting 
of the same crop. A fungus population similar to that in citrus-sick soils developed 
in the sand, but no citrus root nematodes could be foimd. In addition to F. sohni, 
several other species of Fitsarium, a Phytoph^iora Thieleviopsis basicolaf and 
Pyrenochaeta sp. have been isolated from surface-sterilized roots. 

1 Paper No. 613, University of California Citrus E:q>eriment Station, Riverside, Cali- 
fomia. 

* The author expresses his appreciation to H. D. Chapman for helpful suggestions in the 
course of this work. 
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It is very probable that the saprophytic fungus population of the soil is for the 
most part either beneficial or harmless to plant growth. Under continuous cultiva¬ 
tion of the same plant, however, it is possible for a microbial balance to become 
established which may be detrimental. Fungi and other microbes are found grow- 
ing in close association with plant roots. Some produce antibiotic substances (27). 
If a type producing such a substance were to become established in close contact 
with the plant root, it is reasonable to hypothesize that root function might be 
impaired. Moreover, certain fungi, after continuous growth in the root vicinity, 
may become increasingly virulent, encroach more and more on the root hairs and 
outer root cells, and thus adversely affect the plant. 

Recently, considerable attention has been given to biological control for com¬ 
bating undesirable organisms in the soil (5,6,9,10,15,19, 28, 29,30). Treatizig 
the soil with organic materials or otherwise favoring the growth of a different soil 
population may alter the detrimental balance or induce destruction of the harm¬ 
ful species by antagonistic forms. Partial soil sterilization may likewise improve 
plant growth, not only by destroying detrimental organisms but also by changing 
the microbial balance so that antagonistic forms can establish themselves. 

Waksman and Starkey (25) reported that fungi are almost completely de¬ 
stroyed by volatile soil fumigants, but that they later re-establish themselves in 
larger numbers than before. These investigators noted that the types occurring 
after partial soil sterilization were limited to a few species. Katznelson 
and Richardson (14) foimd that certain PenicilUum and Plectonaemella species in¬ 
creased in numbers in some partly sterilized soils. After treatment of soil with 
chloropicrin, Smith (22) observed that the fungus population which later de¬ 
veloped consisted primarily of Trichxderma spp. Similarly, Ludwig and Henry 
(18) observed that platings of recontaminated steam-treated soil contained large 
numbers of Trichoderma. The presence of this fungus was thought to be an impor¬ 
tant factor in the reduced severity of attack of wheat seedlings by Ophiobolua 
graminis. On the other hand, after partial soil sterilization detrimental organisms 
may get started before antagonistic types and thus increase damage to plant 
roots (12). 

Heavy fumigation has at times appreciably increased growth of young orange 
and lemon trees. In greenhouse tests (21) root rotting and the citrus root nema¬ 
tode were greatly reduced or were eliminated by soil fumigation. Growth was 
usually increased and occasionally more than doubled. Fumigation of old citrus 
soil did not return it to the status of a noncitrus soil, however. These results sug¬ 
gest that detrimental soil organisms are only partly responsible for re¬ 
duced growth of citrus seedlings in old citrus soil, or that heavy soil fumigation 
does not kill all the harmful organisms, or, if it does, that conations in the soil 
are favorable for re-establishment of the detrimental population. 

It was thou^t important to determine whether the fungi of the soil were de¬ 
stroyed by the amounts of fumigants necessary to increase citrus growth in old 
citrus soils, and, if so, whether the same epecies or others would establish them¬ 
selves after the fumigant had volatilized from the soil and after replanting to cit¬ 
rus or other crops. The effects of various other treatments on the fungus balance 
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in the soil were also studied. These treatments included steam under pressure, 
Dithane ( a fungicide), hexachlorocyclohexane (an insecticide), and leaching with 
distilled water, alcohol, 2 per cent sulfuric acid, 2 per cent potassium h 3 ?droxide, 
and with soluble salts. For comparison, some data on total numbers of bacteria 
in the soil are reported. 


HATBBIAI^ AND MBTHOBS 

For these experiments, old citrus soils were obtained from orchards which had 
supported citrus trees 40 to 70 years. Soils that had never been cropped to citrus 
(noncitrus) were obtained from adjac^t areas. Each soil was screened, mixed, 
and fertilized b^ore being placed in the experimental pots. Three-gallon pots 
were used, and all treatments were replicated. 

Pots of soil were steam-treated at 15 poimds’ pressure for 7 hours. Soils were 
fum^ted by placing the proper fumigant in the pots near the bottom. This was 
done by forcing a small pipe into the soil by means of a center probe. The probe 
was then removed, and the fumigant was added by means of a pipette with a 
rubber bulb attached. The pipe was then removed, the hole covered, and 1 liter 
of distilled water applied to the surface to form a water seal. The pots were left 
exposed to the atmosphere without additional watering imtil planted to orange 
seedlings. 

Dithane was added to the soil in solution. Hexachlorocydohexane was mixed 
with the soil. 

For the soil-leaching studies, pots of soil were leached with 6 gallons of 95 per 
cent alcohol per pot, or with distilled water for 6 weeks, with 2 per cent H 2 SO 4 
for 3 days, with 2 per cent KOH for 3 days, or with N NH4CI at pH 4.0 imtil the 
leachate was pH 4.0. After the soil had been leached with alcohol or distilled 
water, it was air-dried. The colloids of the remaining pots of leached soils were 
saturated with calcium by leaching with CaCh. The soils were then leached with 
distilled water at pH 7.0 to eliminate the dilorides. 

When used, the amounts of the different materials added to the soil in the pots 
were as follows: 


liaisrvd Amount per pot 

Carbon disulfide. 13 ml. 

Chloropicrin. 4 ml. 

Ethylene dibromide. 2 ml. 

Ethylene dichloride. 20 ml. 

D-D (dichloropropane and diohloropropylene mixture). 8 ml. 

Dithane (diso^um ethylene bisdithiocarbamate) 1-2,400 dilution.. Soil saturation 

Hexachlorocydohexane. 60 ppm. (active 

isomer) 


After treatment, the soil was allowed to stand 1 month before either sour or sweet 
orange seedlings or tomatoes were planted. AJl plants were irrigated with distilled 
water. 

Soils in the pots were sampled at intervals both before and after plants were 
growing in the pots. Each pot was sampled in two places with a sterile glass tube, 
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to a depth of 1 to 4 inches. The first inch of soil was removed with a sterile spat¬ 
ula. At harvest times the soil samples were obtained by removing the roots from 
the soil and shaking oS adhering soil into clean paper bags. 

The numbers and types of saprophytic fungi in the soils were determined by 
the plate method, the advantages and disadvantages of which are well-known. 
Appropriate dilutions were made in sterile water blanks and plated in replicas of 
six, using Waksman’s peptone dextrose agar (26) to which citrus-root extract had 
been added. The mediimi was adjusted to pH 4.0 with sterile H2SO4 just before 
the plates were poured. The plates were incubated at room temperature for 3 to 
4 weeks. After 5 to 7 days, the colonies were coimted and examined 
microscopically. Those which had not grown enough for identification were 
circled with a china-marking pencil and again examined after further incubation. 
Colonies which coxild not be identified on the plates were transferred to agar slants 
and plated on Czapek’s, potato dextrose, and com meal media. The various forms 
were identified, when possible, according to the classifications of Gilman (11) and 
of Thom and Raper (23).* Because of the extensive nature of the findings in this 
investigation, only part of them are presented in the tables. 

EESIJLTS 

Steam treatment of soil 

The effects of the steam treatment on the approximate number and kind of 
fungi in an old citrus soil (Eamona clay loam) from the vicinity of Whittier, Cali¬ 
fornia, are reported in table 1. One month after treatment, part of the pots were 
planted to sour orange seedlings and part to tomatoes. Immediately after treat¬ 
ment no microbial colonies developed wh^ soil from the center of the pots was 
streaked on agar plates. After 3 months and 9 months, during which the pots had 
been cropped, fungi were found to be present in the sterilized soil in numbers 
ranging from one to a himdred times that of the nontreated (control) soil. More 
than 20 species of fungi were identified in the control series, whereas only 1 to 5 
species were found in the treated soils. 

The kinds of fungi varied from one pot to another, even in a series of pots re¬ 
ceiving identical treatment. In the tomato series, for example, after 3 months the 
population in one pot was almost entirely blue-green penicillia; in a second pot, 
Fusarium oxysporum and large numbers of Mucor spp. were present; in a third, 
the fungus population consisted largely of Rhizojms nzgrzcans; and in stiU another, 
it consisted primarily of Trichoderma Ugriorum, 

In the orange seedling series, after 3 months, the fungus population consisted 
of R. nigricanSy blue-green penicillia, and lignorum in one pot, largely Phoma sp. 
in a second, and blue-green penicillia and jB. nigricans in a third. After 9 months, 
the population in the first pot of soil had not changed, while in the other two only 
r. lignorum was foimd. With the exception of Phoma sp. all the fungi which be¬ 
came established after sterilization were found in the original soils. 

’ Some of the forms were kindly examined by Ernst A. Bessey of Michigan State College, 
M. I. Timonin of the Canada Department of Agriculture, and £. A. Mason of the Imperial 
Myoological Institute, England. 
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Soil fumigation, fungicidal, and insecticidal treatments 

The effects of several soil fumigants on numbers of bacteria and numbers and 
kinds of fungi in an old citrus soil before and after planting to sour orange seed¬ 
lings are shown in table 2. After 2 weeks, no fungi were found in soil treated with 
D-D, as compared with more than 20 species in the untreated control soils, and 


TABLE 1 

Effect of steam under pressure on numbers and kinds of fungi in old citrus soil* planted to 
tomatoes or sour orange seedlings 1 month after treatment 



{Approximate number of fungi in thousands per gram of dry soil 


Fusarium oxysporum _] 

F. solani . 

Mucor spp. 

Penicillia, blue-green_ 

Phoma sp. 

Pyrenochaeta sp. 

Bhizopus nigricans . 

Trichoderma lignorum... 

Fungus D1. 

Other speciest. 


62 

45 336 54 288 790 85 61 53 250 

265 

82 



Approximate percentage concentration of fungi occurring on plates 



* Ramona clay loam from depths of 3 to 24 inches, 
t Including unidentified fungus colonies. 


12 , 8, and 6 species in soil treated with ethylene dibromide, carbon disulfide, and 
ethylene dichloride, respectively. The numbers of fungi in the treated soils in¬ 
creased, but after 8 months were still fewer than in the control soils. Even after 
bacterial numbers declined, the number of fungi remained relatively low. D-D 
was most effective in killing fungi and reducing the number of species in the soil. 
After 2 months the population in one pot consisted largely of PenidUium sp. 1, 
an unidentified species belonging to the Monverticillata group, while that in a 
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second pot was largely AspergiUus sydmi; after 4 and 8 months, both pots con¬ 
tained both species. After the other fumigation treatments, although there were 
differences between pots of the different treatments and of the same treatment, 
the main fungus species consisted of various combinations of A. sydowi, A. versi- 


TABLE 2 

Ejfect of soil fumiganU on numbers of bacteria and numbers and kinds of fungi in old citrus 
soil^ before and after planting to sour orange seedlings 


UN- 

ISSATED 

CONTBOL 

D-D 

EXBYLXITZ 

DXBBOUIDS 

CASBON 

DISOXJIDS 


Intervals after soil treatment 


2ino.t 


A B 


2mo.t 


8 

mo. 


Approximate number of bacteria in millions per gram of dry soil 


12 11 8 20 27 40 8 49 25 6 39 50 42 13 36 25 8 


Approximate number of fungi in thousands per gram of dry soil 


72 81 


0 34 36 18 19 22 24 7 18 17 20 34 14 20 


Approximate percentage concentration of fungi 
occurring on plates 


Aspergillus sydowi . 

<1 

1 

5 

0 

0 

84 

13 

4 

3 

3 

3 

0 

0 

13 

0 

2 

8 

A. versicolor . 

3! 

10 

9 

0 

s 

0 

2 

14 

22 

16 

3 

12 

11 

19 

6 

9 

30 

Fusarium solani . 

loi 

8 

15 

0 

1 

0 

0 

1 

8 

9 

<1 

5 

0 

11 

0 

8 

6 

Penicillia, blue-green . 

4 

21 

16 

0 

0 

0 

0 

33 

11 

18 

48 

10 

34 

20 

10 

36 

19 

PenidUium nigricans . 

8 

4 

5 

0 

0 

0 

0 

0 

0 

0 

36| 

10 

20 

4 

77 

8 

3 

PenidUium sp. 1. 

0 

0 

0 

0 

71 

12 

76 

0 

0 

0 

6 

42 

0 

0 

0 

0 

0 

Pyrenochaeta sp. 

12* 

8 

6 

0 

0 

0 

0 

11 

13 

1 

0 

0 

0 

0 

0 

0 

0 

Tfichoderma Ugnorum . 

<1 

2 

2 

0 

2 

0 

0 

0 

6 

<1 

0 

6j 

0 

1 

0 

1 

0 

Fundus B1. 

41 

23 

6 

0 

0 

0 

0 

0 

1 

4 

0 

oi 

Oi 

1 

0 

3 

<1 

Other speciesj. 

22 

23 

36 

0 

18 

4 

10 

37 

34 

48 

10 

15 

35j 

30 

7j 

33 

39 


Total number of identified spedes of fungi 


31 

26 


0 

7 

2 

6 

12 

1 


8 

11 

7 

15 

6 

13 

15 


* Hanford sandy loam from depths of 3 to 24 inches. Citrus seedlings planted 1 month 
after soil was fumigated. 

t Duplicate pots recorded separately, 
t Including unidentified fungus colonies. 


cofor, F.axysporum^ PenidUium nigricans, blue-green penicillia, and PemcUlium 
1 . Tfichoderma Ugnorum did not become established as it did in the steam- 
sterilized soil (table 1), With the exception of PenidUium sp. 1, all the fungi were 
found in the original soil. The total numbers of species in the fumigated soils in¬ 
creased with time, but even after 8 months there were fewer species in these soils 
than in the untreated soil. 
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Similar results for a noncitrus soil also showed the D-D was more effective 
in reducing the numbers and kinds of fungi than was ethylene dibromide, 
ethylene dichloride, or carbon disulfide. In only one pot of soil, previously fumi- 


TABLE 3 

Effect of several soil fumigants and of the fungicide Dithane and the insecticide hexachloro- 
cyclohexane on numbers of bacteria and numbers and kinds of fungi in old citrus soil* 
before and after "planting to sour orange seedlings 


XT7NOUS 

UN- 

HtXATED 

OONTSOL 

CASBON 

nisuL- 

XIDE 

D-n 

ETH- 

YLESZ 

DIBSO- 

jnDK 

CEIOSO- , 
PICSIN 

DITHANE 

HBXA- 

csaxjRo- 

CYdO- 

HEEANS 

Intervals after soil treatment 

5 days 

6 mo. 

5 days 


5 days 

I 

6 

S 

w 

1 

>e 

5 days 

6 mo. 

5 days 

i 

6 mo. 

5 days 

i 

o 

5 days 

1 

yo 


Approximate number of bacteria in millions per gram of dry soil 


10 

9 

27 

9 

3| 

44 

71 

54 

19 

9 

4 

18 

17 

4 

36 

11 

8 


Approximate number of fungi in thousands per gram of dry soil 


63 

50 

1 

12 

0 

18 920 

165 

20 

16 

0 

0 

1 

0 

24t 

6 

33 


Approximate percentage concentraiion of fungi occurring 









on plates 








Aspergillus sydovyi . 

3 

2 

30 

0 

0 

0 

0 

0 

5 

3 

0 

0 

0 

0 

4 

0 

8 

A. versicolor . 

7 

14 

40 

3 

0 

0 

0 

0 

14 

20 

0 

0 

1 ^ 

0 

23 

12 

14 

Fusarium solani . 

13 

24 

0 

6 

0 

0 

0 

3 

11 

1 24 

0 

0 

0 

0 

17 

18 

15 

Fusarium sp. 3. 

0 

0 

0 

0 

0 

0 

0 

0 

0 

<1 

0 

0 

0 

0 

2 

40 

0 

Monotospora brevis .i 

0 

2 

0 

oi 

0 

0 

0 

01 

0 

3 

0 

0 

25 

0 

0 

0 

2 

Oospora variabilis . 

3 

3 

0 

0 

0 

0 

0 

0 

6 

1 

0 

0 

0 

0 

16 

0 

7 

Penicillia, blue-green. 

12 

11 

20 

3 

0 

0 

0 

0 

14 

7 

0 

0 

0 

0 

10 

0 

7 

Penidllium sp. 1. 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

75 

0 

0 

0 

0 

Fhoma fip. 

0 

0 

0 

88 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

Trichoderma lignorum . 

1 

<1 

0 

0 

0 

82 

96 

82 

1 

8 

0 

0 

0 

0 

0 

0 

1 

Fungus D1. 

27 

11 

0 

0 

0 

0 

0 

0 

2 

0 

0 

0 

0 

0 

7 

0 

4 

Other speciest. 

34 

33 

10 

0 

0 

18 

4 

15 

47 

34 

0 

0 

0 

0 

22 

30 

42 


Total number of identified species of fuTbgi 


23 

25 

4 

5 

i 0 

2 

2 

4 

20 

21 

0 

0 

2 

0 

13 

5 

19 


* Hanford sandy loam from depths of 3 to 24 inches. Citrus seedlings planted 1 month 
after soil was treated. 

t 450,000 yeasts per gram of dry soil, 
t Including unidentified fungus colonies. 

gated with carbon disulfide, did the total numbers of fungi surpass those in the 
control soil. The fungus populations which became established also differed be¬ 
tween treatments and between individual pots receiving the same treatment. 
Even after 8 months the fungus population in some pots was different from that 
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in the checks; in other pots it was almost the same as in the original soil. Several 
PeniciUium sp., Torvla sp. 1, Mucor spp., F, solanij and Aspergillus niger were 
the principal kinds established after fumigation. With the exception of PenidU 
Hum spp. 1 and 2, all were present in the original soil. 

TABLE 4 

Effect of carbon disulfide on numbers of bacteria and numbers and kinds of fungi in old citrus 
soil and noncitrus (garden) soil planted to sour orange seedlings 1 month after treatment* 


OLD CITRUS SOIL 

NONcmns son. 

Untreated 

control 

Carbon disulfide 

Untreated 

control 

Carbon disulfide 


Intervals after soil treatment 



1 

mo. 

9 

mo. 

1 

mo. 

3 mo.f 

9 

mo. 

1 

mo. 

9 

mo. 

1 mo.t 

3 

mo. 

6 

mo. 

9 

mo. 

D 

11 

A 

B 


Approximate nurnber of bacteria in millions per gram of dry soil 


12 

16 

58 

91 


27 

23 

18 

42 

83 

65 

48 

26 


Approxirrutie number of fungi in thousands per gram of dry soil 


15 

34 

6 

41 

6 

14 

16 

19 

B 






Approximate percentage concentration of fungi occurring on plates 

Aspergillus niger . 

1 

9 

11 

0 

0 

9 

3 

13 

■1 

<1 

<1 

0 

2 

A. versicolor . 

0 

6 

0 

0 

16 

<1 

5 

2 

12 

0 

8 

4 

12 

Chaetomella sp . 

0 

0 

0 

0 

0 

0 

0 

0 

Ba 

87 

24 

<1 

0 

Fusarium solani . 

38 

21 

98 

12 

84 

58 

10 

23 

13 

<1 

12 

28 

48 

Penicillia, blue-green_ 

0 

8 




8 

14 

4 

22 

<1 

15 

5 

2 

Phoma sp. 

0 

0 




0 

0 

0 

Bl 

0 

m 

0 

0 

Sclerotium sp. 

0 

<1 




0 

16 

2 

8 

2 

13 

36 

7 

Trichoderma lignorum ,... 

0 

2 




0 

13 

9 

13 

<1 

2 

16 

1 

Fundus D1. 

43 

14 

2 


0 

Kl 

0 

0 

El 

0 

m 

0 

0 

Other speciest. 

j 

18 

41 

H 

9 

0 

15 

40 

47 

32 

9 

26 


28 

! 

Total number of identified species of fungi 


10 

14 

2 

3 

2 

B 



9 

9 





* Yolo sandy loam from depths of 6 to 48 inches, 
t Duplicate pots recorded separately. 
t Includes unidentified fimgus colonies. 


Table 3 diows the effects of several fumigants and of the fungicide Dithane and 
the insecticide hexachlorocyclohexane on the fungus population of an old citrus 
soil. 

Of the fumigants, chloropicrin and D-D were most effective in killing the soil 
fun^. In the D-D treated soil, Trichoderma spp, soon became established, and at 
1 ,3, and 6 months they were virtually the only fungi occurring on the plates from 
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this soil. At 3 months, the fungi numbered more than 900,000 per gram of dry 
soil. In a previous experiment (table 2), Trichoderma spp. did not become estab¬ 
lished in the soil after D-D treatment except in very small numbers in one pot. 
Chloropicrin apparently eliminated the fungus population for more than 3 


TABLE 5 

Effect of various leaching agents on numbers and kinds of fungi in old citrus soil and 
in nondtrus (garden) soil after planting to tomatoes* 


7DN0US 

1 

OLD CITSnS SOIL 

KONCmtUS BOIL 



Alcohol 


1 

0 

i 

Control 

9 

Alcohol 

HsS04t 


1 

D 

B 

m 

B 

Q] 

a 


Approximate number of fungi in thousands per gram of 








dry soil harvest 








42 

78 

98 

22 

15 

80 

73 

22 

75 

90 

6 

23 


50 

56 

m 


Approximate percentage concentration of fungi occurring 








on plates at harvest 







Aspergillus Candidas .... 

0 

1 

0 


0 

0 

0 

0 

0 


B 

0 

40 

0 

0 

0 

A.sydowi . 

<1 


<1 


0 

0 

1 

0 

0 


0 

o 

18 

o 

0 

0 

Cylindrocarpon radici- 

















cola . 

0 

0 

m 

0 

0 

0 

0 

0 

2 

19 

Kl 

93 

0 

0 

0 

4 

Fusarium solani . 

11 

6 

4 

28 


0 

2 

5 

1 

6 

17 

0 

0 

□ 

0 

3 

Fusarium sp.Z . 

2 

3 

m 

Q 

0 

0 

3 

3 

1 

2 

47 

0 

0 

3 

0 

2 

Gliocladium peniciU 

















loides . 

0 


H 

48 

0 

1 

44 

2 

0 

2 

3 


0 

45 

0 

0 

Nematagonium sp. 

0 


m 

5 

0 

0 

12 

0 

0 

m 



0 

D 

0 

0 

Penicillia, blue-green_ 

8 

16 

13 

0 

0 

0 

0 

1 

18 

15 



0 

16 

6 

1 

Penidllium nigricans _ 

24 

19 

17 

12 

0 

93 

19 

55 

4 

m 


0 

0 

13 

0 

1 

P. restrictum . 

2 

Kl 

m 

0 

0 

0 

0 

0 

26 

8 

3 

0 

0 


0 

0 

Pyrenocheta sp. 


12 

38 

0 

0 

0 

0 

0 

0 

m 



0 


0 

0 

ToTTulaspA . 


Kl 

0 

0 

0 

0 

0 

0 

2 

<1 



0 


79 

39 

Trichoderma lignorum ... 

<1 

8 

6 

0 

90 

3 

2 

4 

5 

m 


0 

12 

7 

16 

0 

Fungus D1. 

28 

3 

3 

0 

0 

0 

0 

0 

u 

■ 


0 


o 

D 

0 

Other speciesj. 

18 

28 

19 

7 

0 

3 

17 


37 

48 

15 

7 


15 

0 

50 


Total number of identified species 




i 

g 

g 

4 

9 

11 

21 

16 

8 

3 

6 

7 

3 

13 


Hanford sandy loam from depths of 6 to 48 inches. Tomatoes were grown approximately 
4 months. 

t After initial treatment, soil colloids were saturated with calcium. 

X Inoluding unidentified fungus colonies. 

months, although orange seedlings were growing vigoroudy in the soil for 2 of the 
months. At 6 months, a count of only 1,000 fungi per gram of dry soil was ob¬ 
tained. The predominant species in the carbon-disulfide-treated soil were A . uersi- 
coZor, blue-green penicillia, and Phoma sp. 
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Dithane initially reduced the mold coimt to nought, but at 3 and 6 months 
fungi were again present in approximately half the numbers found in the control 
soils. The kinds which became established were approximately the same as in the 
original soil, with the exception of Fungus D1 (20), which was present in smaller 
numbers, and of Oospora variabilis, which was present in larger numbers. Ethyl- 


TABLE 6 

Effect of various leaching agents on numbers and kinds of soil fungi in old citrus soil and 
noncitrus (garden) soil after planting to sour orange seedlings'* 


TUNGUS 

OSIGZ- 

NAX 

son. 

OID OTRUS SOIL 

NONaiRUS son. 

Control 


1 

1 
[ W 

1 

D 

Control 

Q 

W 

Alcohol 

d 

1 

\4 

1 


Approximate number ofjungi in thousands per gram of dry soil 







at harvest 







42 

86 

95 

235 

255 

135 

115 

86 

80 

21 

80 

115 

65 


Approximate percentage concentration of fungi occurring on 






plates at harvest 






Aspergillus ochraceus .... 

<1 : 

0 

0 

0 

0 

0 

0 

4 

0 

18 

0 

0 

0 

A .versicolor . 

3 

0 

2 

48 

0 

0 

0 

6 

16 

2 

0 

0 

0 

Fusarium solani . 

11 

S 1 

21 

21 

1 

2 

9 

4 

18 

40 

6 

4 

36 

Fusariumt sp. 3. 

2 

4 

0 

2 

1 

13 

0 

0 

2 

0 

0 

1 

0 

Penicillia, blue-green — 

3 

4 ! 

6 

0 

0 

0 

0 

22 

11 

20 

0 

0 

4 

Penicillium nigricans .... 

24 

30 1 

31 

0 

98 

85 

84 

0 

15 

10 

40 

86 

30 

P.restricium . 

2 

0 

0 

0 

0 

0 

0 

36 

2 

0 

0 

0 

4 

Pyrenochetaep . 

12 

10 

8 

0 

0 

0 

2 

0 

0 

0 

0 

0 

0 

Spicariasp . 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

40 

0 

0 

Trichoderma ligomum _ 

<1 

2 

2 

3 

0 

0 

0 

2 

4 

0 

12 

8 

0 

Fungus D1. 

28 

14 

14 

15 

0 

0 

0 

0 

0 

0 

0 

0 

0 

Other speciest. 

16 

28 

17 

11 

0 

0 

5 

26 

32 

10 

2 

1 

24 


Total number of identified species 





6 

3 

3 






5 

9 


* Hanford sandy loam from depths of 6 to 48 inches. Citrus seedlings were grown approxi¬ 
mately 9 months before being harvested. 

t After initial treatment, soil colloids were saturated with calcium. 
t Including unidentified fungus colonies. 

ene dibromide and hexachlorocyclohexane, in the amoimts used, reduced the 
numbers of fungi by two thirds or more but had little effect on kinds. 

The effects of carbon disulfide on the number of bacteria and on the numbers 
and kinds of fm^ in an old citrus soil and in a garden soil from the vicinity of 
Santa Paula, California, are presented in table 4. As in the previous experiments, 
numbers and kinds of fungi were initially reduced. With two exceptions, the num¬ 
bers remained below those in the control. The main species to become established 
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after fumigation were Phoma sp., Chaetomella sp., FI solani, Sderotium sp., and 
blue-green penicillia. Phonm sp. and Chaetomella sp. were not found in the orig¬ 
inal soil. 


Soil leaching 

The effects of leaching on the fungus population in old citrus and noncitrus soils 
from Fullerton, California, are shown in tables 5 and 6. Only figures for the har¬ 
vest date are given. Leaching with distilled water for 6 weeks had little effect. 
All the other treatments produced an effect similar to that of carbon disulfide or 
D-D. Initially, the fungi were reduced in numbers and kinds. After 4 months in 
the tomato series and 9 months in the orange seedling series, the population was 
still very different from that of the controls. The nature of the fungus population 
varied between pots of identical treatment and of different treatments. In some 
pots total numbers of fungi were much higher than in the controls; in others they 
were lower. The fungus most commonly established was P. nigricans, which was 
present in relatively high concentration in the check soils. Pyrenochaeta sp. and 
Fungus Dl, which were common in the original old citrus soil, were eliminated 
and did not re-establish themselves in the leached soils. Fvcarium soktni returned 
to some of the soils but not to others. Aspergillus candidus, A. sydoun, A. versi¬ 
color, Fusarium sp. 3, PenidUium restrictum, IT. lignorum, Torvla sp. 1 and Nema- 
tagonium sp. became established in relatively high concentration in one or more 
treated pots. 

In additional tests, not represented in the tables, similar results were obtained. 
In one soil a Phytophthora sp. and T. hasicola became established after fumiga¬ 
tion. In this same soU, the addition of alfalfa meal caused death of all the seed¬ 
lings during the early stages of decomposition of the alfalfa. Phytophthora sp. 
was isolated from root and stem lesions. During the later stages of decomposition 
of the alfalfa, Phytophthora sp. could not be found. 

In all the tests, when P. solani or P. oxysporum became re-established as the 
predominant species, the total numbers were relatively low. 

DISCUSSION 

Treatment with various soil fumigants, with Dithane, hexachlorocyclohexane, 
steam, and by leaching with alcohol, 2 per cent H2SO4, 2 per cent KOH, or with 
soluble salts, markedly affected the fungus population of the soil. As reported by 
others for similar treatments (25), the fungi were initially destroyed or reduced 
to very low numbers. Later they re-established themselves. Usually, the fungi 
which became established after treatment in any one soil represented compara¬ 
tively few species. Even though plants were growing vigorously in the soil, the 
fungus population 9 months after treatment generally differed from that of un¬ 
treated soil. The numbers and kinds of fungi differed greatly in pots of the dif¬ 
ferent treatments and in replicate pels of the same treatment. In some pots one, 
two, or three species constituted the whole mold population; in others ten or 
more species became established. In some pots the fungi were the same t3npes 
found in abundance in the original soil, in other pots fungus types found in rela- 
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tively small numbers in the original soil became abundant, and in still other pots 
species not found in the original soil became the dominant species. It appears 
probable that in some pots the initial treatment failed to kill all the fungi, and 
these fungi later developed in relative abundance, whereas in other pots all the 
fungi were killed and introduced fungus types became established as dominant 
species. Laboratory studies using sterile techniques support these views. 

The following fimgi established themselves as dominant species in one or more 
soils after partial soil sterilization: 


Occasionally 

Commonly 

Aspergillus candidus* 

Aspergillus versicolor^ 

A, nigert 

Fusarium oxysporvmX 

A. ochraceusX 

F. solaniX 

A, sydowiX 

Mucor spp.t 

Chaetomella sp.* 

Penicillia, blue-greenf 

Cyclindrocarpon radicicolaX 

Pemcillium nigricansX 

Fusarium sp. Zt 

P» resirictumX 

Fusarium sp. 5* 

PenicilUum sp. 1* 

Oliocladium penicilloides* 

Pyrenochaeta sp.f 

Monotospora hreoisX 
Nematagonium sp. * 

Oospora variabilisX 

PenicilUum humicolaX 
Perdcillium sp. 2* 

Phoma sp,* 

Phyiophthora sp.* 

Bhizopus nigricansX 

Sclerotium sp.t 

Spicaria sp.* 

TkieUviopsis bctsicola* 

TonUa sp. If 

Torula species* 

Tricotkeceum roseum* 

Trichoderma lignorumX 

Fungus Dlf 



* Found only rarely or not at all in original soil, 
t Found in relatively large concentration in original soil. 
t Found in relatively small concentration in original soil. 

Obviously, one cannot predict what the fungus population of a soil will be after 
treatment with a material that initially kills all or most of the soil fungi. 

The greater number of species which most commonly developed after a partial 
soil-sterilization treatment were forms that had constituted a major portion of 
the population of the original soil. This would indicate either that some of the 
^or^ or mycelia of these forms survived the soil treatment and were able to 
develop again before other competing species could become established, or that 
conditions within the treated soil were favorable for their re-establishment and 
development. Ftisarium solam, F. oxysporum, and Pyrenochaeta sp, were dom¬ 
inant in the original old citrus soils. The growth of citrus in the soil favors the 
development of these forms (20). When they became the most common types 
after partial sterilization, the total numbers of fungi remained relatively low. 
Fungus D1 (20), another fungus commonly found in old citrus soils, was in most 
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tests largely eliminated for the duration of the e^eriments by the various treat¬ 
ments. 

In studies not reported in this paper, incoxdation of noncitrus soil with the 
dominant fungus species of old citrus soil did not result in the establishment of 
the introduced species in the soil. After citrus was grown in the noncitrus soil 
for a year or more, however, these forms established themselves without arti¬ 
ficial inoculation. 

Thus, in the experiments reported, two factors infiuenced the type of fungus 
population in the soil, namely, (a) the partial soil-sterilization treatment and 
(6) the growth of the plants in the soil. In most pots the former exerted the 
greater infiuence in the course of the experiments. 

The fact that so many different fungus populations may become established 
after partial soil sterilization may explain why inconsistent results are some¬ 
times obtained when soil is treated for a certain pathogenic fungus. In one soil 
a population antagonistic to the pathogen may develop, whereas in another soil 
a popiilation favorable to the growth of the same pathogen may become estab¬ 
lished. 

There was little correlation between total numbers of bacteria and fungi in 
the treated soils. The numbers of bacteria rapidly reached a maximum, then 
leveled off and decreased. In some pots the maximum numbers of fungi corre¬ 
sponded with the maximum number of bacteria; in others, the maxiTmim num¬ 
bers of fungi developed after the bacterial numbers began to decline. In replicate 
pots of the same treatment, the bacterial numbers were usually similar. This was 
not the case with the fungi: in one pot the number of fimgi mi^t remain less 
than in the control, whereas in a duplicate pot the number might be five to ten 
times that of the control. 

In some of the treated pots of soil, the fungus species which first became the 
dominant types remained dominant for the rest of the experiment. In other 
treated pots, a succession of forms occurred. In one pot of soil in the steam- 
treated series, for example, after 3 months, R. nigricaTis, blue-green penicillia, 
and T. Ugruyrum were found. After 9 months, these three species were still the 
only fungi found in this pot of soil, and the relative concentration of each species 
was almost identical with that at 3 months. In another pot Phoma sp., and in a 
third pot blue-green penicillia and B. nigricans, were the primary forms at 3 
months; at 9 months only T. lignorum was found in both pots. This latter suc¬ 
cession of forms is similar to that observed by Ludwig and Henry (18). In various 
fumigated soils, the following succession of species occurred: A. sydowi and A. 
v&rsicohr, followed by Phoma sp.; Phoma sp. followed by F. solani or T. Ugruyrum; 
Chaetomella sp. followed by A. sydowi, A. versicolor, and F. solani; R. nigricans 
andPenidUium spp. followed by T, lignorum; ssadPenidllium 1 followed by 
other PeniciUium spjp., Aspergillus spp., and Fusarium spp. 

Of the various soil treatments, steam under pressure, fumigation with chloro- 
picrin and D-D, and leaching with 2 per cent H 2 SO 4 and with 2 per cent KOH 
were most effective in destro 3 nng the fungi and in altering the nature of the sub¬ 
sequent fungus population of the soil. 

In view of the fact that the environmental conditions of the soil were greatly 
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altered by removing the soil from the field, from various depths, and placing it 
in pots in the greenhouse, the nature of the fungus population in the control 
soils changed surprisingly little. The predominant species remained the same in 
most pots. In some pots, however, there was a tendency for Pyrenochaefa sp. 
and fungus D1 to decrease in relative concentration while some of the penicillia 
increased. This may be explained by the fact that the two first-named species 
are found in relatively greater concentration in the subsoil than in the surface 
soil. In the noncitrus soils cropped to orange seedlings, Fusarium spp. increased 
in relative concentration probably as a result of the growth of citrus seedlings 
in the soil. 

All treatments except those with Dithane, hexachlorocyclohexane, and steam 
appreciably increased growth of orange seedlings in old citrus soils and had rela¬ 
tively little effect on growth in most noncitrus soils. Dithane, hexachlorocyclo¬ 
hexane, and steam decreased growth in noncitrus soils. In general, there was no 
definite correlation between the fungus population of the soil in the treated pots 
and plant growth. In those series in which the Fusarium spp. became the pri¬ 
mary forms after treatment, however, plant growth was usually less than in 
those series in which other fungi constituted the major part of the population. 
Root decay was usually decreased by the partial sterilization treatments. 

These observations and the fact that the fungus population in aU the treated 
soils was temporarily, or for the length of the experiment, greatly altered, sug¬ 
gest that a detrimental soil population is partly responsible for poor growth of 
citrus seedlings in old citrus soils, and that the change in microbial balance re¬ 
sulting from partial soil sterilization may be one factor involved in the improve¬ 
ment in plant growth. On the other hand, the fact that the fungus population 
was completely changed in many treated soils and the growth of orange seed¬ 
lings still was not so good as in the noncitrus soUs, although better than in the 
controls, su^sts that factors other than the soil fxmgi also are partly respon¬ 
sible for reduced growth in old citrus soils. It should also be noted that a great 
difference in the qualitative and quantitative nature of the fungus population 
of a particular soil cropped to a single plant may exist without altering the 
growth of the plant. 


SUMMARY 

Treatment of old citrus and noncitrus soils by steam under pressure or by 
leaching, or with various fumigants, fungicides, or insecticides, followed by 
cropping with sour or sweet orange seedlings or with tomatoes, markedly 
affected the nature of the fungus population of the soil. 

After initial destruction or near destruction of the fimgus populations of these 
soils, fungi again established themselves, although the kinds and numbers estab¬ 
lished varied greatly between treatments and between replicate pots of the 
same treatm^ut, and represented few species in comparison with the wide vari¬ 
ety originally present. One or several of 10 fungus species commonly became 
dominant and one or more of 24 species occasionally became dominant. Some 
of the species were present in relatively large concentration in the orignal soil, 
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some in relatively small concentration, and others were found only rarely or not 
at all in the original soil. In some pots, species which first became established 
after chemical treatment remained the dominant types for the duration of the 
cropping experiment (9 months), while in other pots a succession of forms oc¬ 
curred. Although some fungus species became established more frequently than 
others, it would be difficult to predict the effect of various partial soil steriliza¬ 
tion substances on the exact nature of the fungus population of the soil. 

For destroying soil fungi and altering the nature of the subsequent fungus 
population, steam under pressure, fumigation with chloropicrin or D-D, or 
leaching with 2 per cent H 2 SO 4 or with 2 per cent KOH was more effective than 
fumigation with carbon disulfide, ethylene dichloride, or ethylene dibromide, 
than treatment with Dithane or hexachlorocyclohexane, or than leaching with 
ammonium chloride at pH 4.0. 

The possible significance of the effect of altering the microbial equilibrium of 
the soil by partial soil sterilization on the growth of citrus in old citrus soils is 
discussed. 
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In terms of the diflSculty and cost of reclamation and the severity of its effects, 
black alkali continues to occupy a prominent position among the unfavorable 
consequences of irrigation. Black-alkali soils are notably low in organic matter 
and characteristically poor in permeability to water; often there is an accumu¬ 
lation of salt, and surviving plants are likely to be chlorotic. It is now well known 
that for each of the forgoing characteristics there are responsible antecedent 
properties: the pH of black-alkali soil is in excess of 8.3 or 8.4, sodium is the 
predominant exchangeable base, the nutrients iron and phosphorus have low 
solubility, and further, a condition which provides for the term ‘Tblack-alkali,” 
organic matter tends to dissolve in alkaline solutions. The extent of the last 
effect is influenced in some measure by the kind of anions in the soil solution. 

The association of black-alkali formation with sodium carbonate and bicar¬ 
bonate of irrigation waters, as originally pointed to by E. W. Hilgard and R. H. 
Loughridge, was utilized by Stabler (10) as early as 1911 in his rating formulas 
for irrigation waters, and then, for reasons that are not obvious, the relation was 
largely neglected. In 1941 a number of opinions in this field were advanced in a 
set of discussions of a paper by Hill (6) in which, for the purpose of a geochem¬ 
ical chart, sulfates were grouped with carbonates. Stabler recalled (10) that in 
accord with Hilgard he had rated Na2C08 as being twice as imdesirable as NaCl 
and ten times as undesirable as Na 2 S 04 . M. R. Lewis in a consideration of recla¬ 
mation, agricultural production, and pH values of soils of the Pacific Northwest 
expressed the view that the carbonates and bicarbonates were too important to 
be grouped with sulfates. Lewis J. Alexander, whose interests were in waters of 
the Los Angeles Coastal Plain, proposed a water classification in which one type 
would be those waters whose CO 3 plus HCOj exceeded both Na plus K and Cl 
plus SO 4 . C. S. Scofield asserted that the harmfulness of carbonate and bicar¬ 
bonate had been overrated and that sodium was no less harmful when it occurred 
with sulfate, chloride, and nitrate than with carbonate. 

Carbonates and bicarbonates of irrigation waters are discussed in this paper 
from two viewpoints: first, the relation of these ions to black-alkali formation, 
to which reference has been made; second, and of perhaps more widespread and 
greater day-to-day significance, the relation of the quantity of these ions in a water 
to the magnitude of the changes in the percentage sodiiun which can take place 
as the irrigation water becomes the soil solution and undei^oes concentration 
by evaporation and by uptake of water by the plant. 

RELATION OF CO” AND HCOr TO BLACK-ALKALI FORMATION 

If a water supply contains more carbonate and bicarbonate than calcium and 
magnesium then, after evaporation and plant uptake have resulted in precipita- 
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tion of the calcium and magnesium as carbonate salts, the residue of carbonate 
is paired with sodium. This sodium carbonate is Palmer’s (9) primary alkalinity. 
For descriptiveness it will be referred to in this paper as “residual sodium car¬ 
bonate.” As the concentration of sodium carbonate increases, so also does the 
pH of the soil and the intensity of the plant and soil symptoms which are charac¬ 
teristic of black alkali. The replacement by sodium of the exchange calcium and 
magnesium of the soil brings about progressive destruction of particle aggre¬ 
gates and, with particle dispersion, impermeability, provided the soil solution 
is not very saline. A sodium soil may be permeable to saline water and yet be 
extremely impermeable to rain. 

So far as is known, the anions are without influence on the base equilibrium 
between solution and day. In other words, leaching or treating a soil with a 
sodium chloride or sodium sulfate water will have the same effect on exchange as 
sodium carbonate if the percentage of sodium in each is equal and is sufficiently 
in excess of calcium and magnesium. 

CHANGES IN PERCENTAGE SOMUM IN WATER 

But to come to the second point which is to be discussed in this paper, the 
absorbed calcium and magnesium of the soil may also be replaced by sodium 
when the irrigation water contains more calcium and magnesium than sodium. 
For this to take place, it is only necessary that the water contain sufficient 
CO 8 + HCOj to precipitate enough calcium to raise the sodium percentage to a 
point where exchange can progress. For this to occur, the water has to be used 
sparingly enough that during passage through the soil its volume is reduced to 
the point that much of the calcium and magnesium are precipitated as carbon¬ 
ate salts. The difference between this latter type of water, which would not give 
carbonate alkalinity, and the black-alkali type thus rests on whether the HCO* 
plus COs is less or greater than Ca plus Mg. 

It should be evident from the foregoing that a low percentage sodium value 
for an irrigation water does not necessarily provide assurance against calcium 
displacement and against soil dispersion and impermeability. Such being the 
case, there is an obvious need of a means for extending and safeguarding the use¬ 
fulness of percentage sodium as an index, of the effect waters may have on soil 
penneability. Later in this paper a means for this is suggested and applied to 
a number of irrigation waters. Had the writer appreciated the fairly obvious 
dependence of a given sodium percentage on the concentration of bicarbonate 
at the time of his early paper (2) on the irrigation waters of the San Joaquin 
Valley of Califomia, he would have understood better some of the conditions 
he saw there. The custom of calculating the percentage sodium for each water 
analysis was introduced in that paper. 

Without an adequate appreciation of the importance of the anions in shaping 
changes in the composition of waters as they become the soil solution and affect 
soil penneability, about all the writer could conclude as a consequence of his 
efforts to associate water chemistry with crop and land conditions was that the 
hazards of u^ng a water increased rapidly as the sodium percentage increased 
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above 60 and decreased as the percentage fell below that level Recently the 
relationship has been enlarged (11) with the su^estion that soils “which natu¬ 
rally have good structure and permeability may not give trouble even if the 
sodium percentage is as high as 75 in the irrigation water, providing the total 
salt content is low.” But here again the writers were confronted with uncertain¬ 
ties and phrased their statement with care. 

Although Kelley (8), in dealing in 1940 with various features of water quality, 
did not cany his discussion to the point of analyzing the bearing of the concen¬ 
trations of the several anions of water on the effects of varying proportions of 
sodium, he did point out that 

. . . the ratio of sodium to calcium in the actual soil solution may become substantially 
greater than it is in the water applied. This is due to the fact that calcium is absorbed by 
crops, and is therefore removed from the soil to a much greater extent than sodium; or it 
is precipitated as insoluble carbonate, which produces the same tjrpe of effect on this ratio. 

Kelley reported that little sodium will be absorbed by the soil unless the ratio 
of sodium to calcium in the soil solution is greater IJian 2:1. A great preponder¬ 
ance of irrigation waters annually add so much more calcium to the land than 
the plants accumulate and so much of this is returned in the plant to the land 
that this factor can usually be neglected, but sight should not be lost of Kelley’s 
second point. 

To follow the discussion of waters in terms of their effects, there appear to be 
three types that are of g)ecial significance in the present connection. These three 
types can give rise, in time and absence of good drainage or when used too spar¬ 
ingly, to three corresponding types of soil, each of which is imdesirable: 

1. Calcium saline soils. These are produced by waters that are much higher in Ca + Mg 
than in HCO» + COj and which have relatively low percentage sodium values (Ca + 
Mg > HCOa + CO* and Ca + Mg > Na). Such waters are without ill effects on soil 
structure. If salt accumulates, because of insufficient leaching of the root zone, the 
land can be readily reclaimed by draining and leaching. 

2. Sodium saline soils. These are produced by waters that initially, or after partial evap¬ 
oration and the precipitation of CaCO*, have high percentage sodium values but which 
contain no residual sodium carbonate (Ca H- Mg « or > HCO* -f CO* and Ca -i- Mg 
< Na). When these waters are used, the absorbed Ca and Mg of the soil is replaced 
progressively by Na as the percentage of sodium in the soil solution rises sufficiently 
high. Unless the water supply, or the soil solution, remains fairly saline, soil perme¬ 
ability will deteriorate. Although it might be properly argued that alkali conditions 
can result from the hydrolysis of sodium clay developed by the action of neutral 
sodium salts, Kelley and Brown (7) have pointed out that sodium soils are almost im¬ 
permeable to any water sufficiently low in salt to cause hydrolysis of the sodium clay. 
Even though such hydrol 3 rsis is possible in the laboratory it seems probable that with¬ 
out the action of water containing residual sodium carbonate, black-alkali formation 
is extremely rare under field conditions. 

3. Alkali soils, saline or nonsaline. Development of strong alkalinity may be es^ected 
when irrigation waters containing more HCO* + CO* than Ca -f- Mg (Ca + Mg < 
HCO* + CO*} are used so sparingly that little leaching occurs. On the other hand, if 
sodium is not too greatly in excess of calcium and magnesium and enough of such 
water is used that the drainage continues to contain a substantial proportion of Ca 
and Mg there may be no ill effects. 
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It is only an occasional water supply that contains sufficiently high concen¬ 
trations of salts to be directly harmful to plants. Also the waters which in their 
ini tial state have sodium percentages high enough to displace much calcium are 
in the minority. For these reasons, the interpretive value of water analyses 
becomes dependent not alone, or perhaps not so much, on the concentrations 
and proportions of ions foimd in the initial water as on what these concentra¬ 
tions and proportions will be at successive stages of volume reduction. As the 
irrigation water becomes the soil solution and progressively loses volume during 
its passage through the root ^one, many changes will occur. If there is some 
movement throu^ the root zone, the water may emerge with a half, a tenth, a 
hundredth, or less of its initial volume. This residual volume may contain nearly 
all of the initial chloride but there may be large increases or decreases in the 
amount of other constituents, according to the complexities of solubilities, plant 
uptalie, and exchanges. Were one able to say for a given field condition to what 
fraction of the initifll volume the irrigation water would be reduced while in the 
soil, an analysis made of a test sample boiled down to that extent would be in¬ 
formative. That, however, is not practical, but it is possible to anticipate, approx¬ 
imately at least, how much the sodium percentage can increase as a result of 
carbonate precipitation. This can be done by computing the percentage of so¬ 
dium after deducting from Ca plus Mg the sum of HCOs and COs. This “possible 
percentage sodium** is an upper limiting value which can connote either com¬ 
plete safety as regards permeability or various degrees of hazard according to 
the extra water passed through the soil to prevent undue concentration. 

The (fiscussion presented in this paper is largely an outgrowth of observations 
of the effects of prolonged use of water in two of the world*s oldest irrigation 
developments: one, in Eg 3 rpt along the Nile; and the other, in Iraq along the 
Tigris and Euphrates. Data m addition to those presented here, but with some 
overlapping, have been reported elsewhere (4). Black alkali was foimd to be 
prevalent in the Nile Valley, whereas none was at any time observed along either 
the Tigris or the Euphrates. Under the latter rivers, however, the accumulation 
of salt in the land has been sufficient to account for a major decline in popula¬ 
tions and for damage to a great civilization. In view of the long use of these 
waters, interest would have been attached to their composition under any con¬ 
dition, but with the findings on the occurrence and nonoccurrence of black alkali 
in the two regions it seemed important to assemble for review as many analyses 
of the irrigation waters as possible. The data showed, among other things, that 
residual sodium carbonate was always a constituent of the Nile water but never 
of the waters of the Tigris and Euphrates. 

The analyses of the waters of the Nile presented in table 1 are recomputed 
from those assembled by Ball (1, p. 115). A good many smalyses have been made 
of the waters of the Tigris, the Euphrates, and their tributaries, but few of these 
have been publidied. The analyses of the two rivers as of October 1920, repre¬ 
senting a low water stage, are from Webster (12). The anal37ses of the Tigris 
for periods of high and low water are from a transcript of water analyses of Iraq 
assembled and presented to the writer by Vahe Sevian of the Irrigation Direc- 
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torate of Iraq. The seasonal changes in the concentration of the waters of the 
Tigris and Euphrates are evidently somewhat similar, but prolonged series of 
complete analyses of the Euphrates have not been made. The flood season of the 
Nile occurs in late summer and fall from waters originating south of the equator, 
whereas in Iraq the flood season comes in spring from snow and rain in the area 
north toward, and in, Turkey. 

In table 1 “residual Na 2 C 08 ” represents the amount of HCOs-COs remaining 
after deduction of the concentrations of Ca and Mg. Percentage sodium “foimd” 
is computed as Na X 100 divided by Na+ Ca + Mg. Percent sodium “poi^ble” 


TABLE 1 

Watere of the Nile at Cairo* and the Tigris and Euphrates near Bagdad 
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3.42 

2.84 


2.92 
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17 


* Potassium, nitrate, and phosphate reported in the Nile analyses are omitted, as are 
0.54 and 0.57 ml. of calcium reported as calcium silicate in the flood and low water, respec¬ 
tively. There was a corresponding amount of molecular silica. The silicate, according to 
Gracie et aL (5), precipitates in the Egyptian black-alkali soils a magnesium salt. 

is Na X 100 divided by Na + Ca + Mg — HCO 3 (the HCOb deduction not 
exceeding Ca + Mg). 

With the exception of the rather high concentrations of chloride found when 
the Tigris and Euphrates Rivers contained very little water in October 1920, 
all of the analyses reported in table 1 would be classed as excdlent. By the usual 
standards, one would almost inevitably conclude that these waters dbiould sup¬ 
port a flourishing irrigation agriculture. 

As regards the Tigris (and the Euphrates) this conclusion would undoubtedly 
have conformed with experience had the people through the centuries recognized 
the need of drainage to carry away the excess of salt. But there is no record of 
any ditch ever having been dug for this purpose in Iraq, a country where there 
is very little natural drainage except along river banks. It is only along river 
banks that many plants other than palms will do well or even survive. The major 
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point to be made from the analyses of the Tigris (and Euphrates) waters is that 
the calcium and magnesium concentrations are so high relative to sodium in the 
initial waters (percentage sodium foimd) as well as after deduction of bicarbon¬ 
ate (percentage sodium possible) that any accumulation of salt would of neces¬ 
sity be classed as calcium salinity; that is, all the “possible percentage sodium” 
values are well below the 2:1 sodium-calcium ratios designated by Kelley (8) 
for the soil solution. There are many miles of abandoned irrigation canals in 
Iraq and millions of acres of once irrigated land that is now too saline for use. 
These lands need only drainage and leaching for reclamation. 

The effects upon Egyptian soils of using Nile water are responsible for the 
present paper. Neither flood- nor low-stage Nile water contains as much as 60 
per cent sodium. If the amount of calcium present as calcium silicate had been 
included in calculating the percentages of sodium, these would have been 22 and 
49 per cent respectively. And yet, notwithstanding some past impressions about 
sodium percentages which were safe or unsafe, there is much low permeability 
in Nile soils and also there is much black alkali. Such occurrences become more 
imderstandable when residual sodium carbonate and the “possible” percentage 
sodium are computed. Residual sodium carbonate seems always to be a con¬ 
stituent, and in each case the “possible” percentage sodium is 100. A “possible” 
percentage sodium of 100 will always be found if residual Na 2 COs is present. 

Characterization of the salts in river waters can be made with most assurance 
on the basis of a series of samples, or much better—^particularly if flood waters 
are impounded in reservoirs—on the basis of means weighted for discharge. As 
an indication, nevertheless, of the trends among western river waters of the 
United States, a table of analysis reported by the U. S. Regional Salinity Labo¬ 
ratory (11) is reproduced here as table 2. Several of the original columns have 
been omitted and columns showing residual sodium carbonate and “percentage 
sodium possible” have been added. 

As reported in table 2, none of these rivers were sampled more than once at 
any location, and from other data it is known that quite different waters are 
sometimes obtained at other stages and seasons. But in the results as tabulated, 
only five of the samples (two from Kings River) contained residual sodium car¬ 
bonate. Also, no sample contained as much as 70 per cent of sodium. On the 
basis of “possible” percentage sodium, half of the samples had this much. It is 
thus to be observed that many waters like the Nile, that would be classed as safe 
on the basis of 60 or 70 per cent sodium, do have impermeability possibilities. 
On the other hand, the same calculation shows that other waters in the list could 
not produce soil solutions with enough sodium to cause impermeability. 

The writer, at some time or other, has visited parts of each of the valleys 
served by the rivers of table 2. He knows that black alkali occurs in some of them 
and he believes it to be entirely absent from others, but he would not dare trust 
his memory for any assertion as to whether there is or is not a good correlation 
between the occurrence of residual sodium carbonate in the water supply and 
black alkali in the soil. As along the Nile, the formation of black alkali by use of 
a residual sodium carbonate water is directly contingent upon drainage conditions 
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and whether the water has been used in enough excess to maintain calcium and 
magnesium in solution in substantial proportion. Some of the richest irrigation 
agriculture of the world is found on many of the lands served by the Nile. The 
finding of hi^ “possible” percentage sodium values and the presence of residual 
sodium carbonate in some of the waters of table 2 constitute warnings that care 
must be exercised and that it is usually better to prepare drainage works while 
production is ample to pay for them than after the urgency is great. 

TABLE 2 


Chemical composition of some river waters used for irrigation in western United States 
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In a water-quality survey (2) of the San Joaquin Valley, 444 samples were 
collected from wells and streams. By present calculation, about half of these 
samples contained re^dual sodium carbonate. In many others there was enou^ 
bicarbonate to move the water from “safe” to “uncertain” brackets when 
“possible” percentage sodium was calculated. 

The writer is obligated to R. Earl Stone, in charge of soil survey for the Uni¬ 
versity of California, for his cooperation in a test of the relation of residual so¬ 
dium carbonate in San Joaquin Valley water supplies to the occurrence of black 
alkali in the soils irrigated. To make this test, each of the sample locations ^own 
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on the series of 28 twelve-township quadrangle maps (2) was marked by the 
writer to show the occurrence, or nonoccurrence, of residual sodium carbonate 
in the water supply. When the water contained residual sodium carbonate, the 
location was marked with one to hve dashes to designate a class concentration. 
Professor Storie compared the occurrence of residual sodium carbonate in these 
water supplies with the occurrence of black alkali on his soil maps of the same 
region. It was, of course, mutually understood that some of the wells recorded 
by the writer were municipal or industrial, some had undoubtedly been aban¬ 
doned, some replaced, some were not necessarily representative of the water 
supplies generally used for irrigation, and some districts were missed entirely or 
only incompletely sampled. It was further understood that there was imdoubt- 
edly much black alkali in parts of the San Joaquin Valley when men started to 
irrigate. Professor Storie’s comments on the results of his study included the 
following: “In general I fund nothing in conflict with the alkali condition shown 
on our soil maps; in fact, as mentioned previously, your red dashes check very 
closely with the black alkali soils of the valley.” 

Quadrangles 24 and 25 of the publication cited include the bed of old Tulare 
Lake and the region immediately to the east. The agriculture in this area is 
served almost entirely by wells (usually 1,000 or more feet deep). The Kings 
River contains a little residual sodium carbonate, and in time of flood in the past 
it has overflowed into the old lake bed. Of the 32 samples which were collected 
(mostly in 1929 and 1930) from wells in these two quadrangles, all but one con¬ 
tained residual sodium carbonate and the concentration usually was substantial. 
Professor Storie characterizes quadrangle 24 as “black-alkali soils” and quad¬ 
rangle 25 Qust to the east) as having “many black-alkali soils.” Old analyses of 
Tulare Lake waters, two in 1880 and one in 1889, showed respectively 9.11, 9.86, 
and 30.34 me./l. of residual Na2C08. In other words, at least some of these lake- 
bottom soils have probably been laid down in, and subsequently subjected to, 
Na^COj waters prior to irrigation activities. 

Among the deep wells along the axis of the San Joaquin Valley, a number were 
found to produce water containing less sulfate than the present-day streams that 
Alow into the valley. These waters had high sodium percentages and muchhicar- 
bonate, and some of them marsh gas, aU of which contributed to the idea (3) 
that sulfate originally present had undergone anaerobic decomposition. Such 
anaerobic activity has been variously described by equations of the following 
nature: CaS 04 -I- CPU = CaCOj H 2 S -t- H 2 O, and CaS 04 -1- 2C = CaS -h 
2 CO 2 . This subject is mentioned for two reasons: first, because the equations 
show that the anaerobic activity can remove calcium from solution by converting 
fairly soluble CaS 04 into the nearly insoluble CaCOs, and thereby increase 
sodium percentages; and second, because Grade et aL (5) have regarded ana¬ 
erobic sulfate-reducing activity as being responsible for black-alkali formation 
in Nile lands. They considered CO* to be developed by the action on the soil 
organic matter of the oxygen liberated from SO4 by anaerobic processes. In this 
anaerobic process each SO4 ion can produce one CO* ion and this in turn can 
precipitate one Ca ion. For the activity to proceed through the formation of 
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Na-clay, it is necessary, therefore, that suflBicient SO4 (and organic matter) be 
present in the ^tem to develop the CO 3 necessary to precipitate the Ca and 
Mg of the soil solution, as well as the Ca and Mg to be displaced from the ex¬ 
change complex of the soil. In the Nile Valley, the SiOz ion may take care of the 
Mg, but the water does not carry enough SO4 to form suflBicient CO 3 to precipi¬ 
tate the Ca. At flood and low stages of the Nile there are 0.16 and 0.23 me./l. of 
SO4 respectively and 0.64 and 0.87 me./l. of Ca; in other words, Ca is always 
three or four times as concentrated as SO4. Anaerobic sulfate decomposition 
could thus dispose of only about one third of the soluble Ca as CaCOs. If all of 
the SO4 were used up in the fonnation of COs and this were all precipitated as 
CaCOa, enough Ca would still remain in solution to block the formation of Na^ 
clay. If the sulfate utilized were that of the gypsum found nearby, there could 
still be no net gain, since that Ca would merely be transformed from gypsum to 
lime. To regard the matter from the viewpoint of the present paper, an ample 
supply of HCOs + COs is already contained in Nile water to precipitate the 
water's Ca and Mg and to leave additional carbonate to be associated with so¬ 
dium to increase the pH and to contribute, as well, to the precipitation of ex- 
chai^eable Ca and Mg of the clay as these ions are replaced by Na. There is no 
reason to doubt that sulfate decomposition, under some circumstances, might 
hasten and contribute to black-alkali formation, but in the instance of the Nile 
lands it is not necessary to postulate sulfate decomposition to account for the 
formation of black alkali. 

The fact that the investigators in Egypt (5) reported networks of gypsum in 
soils near those with black alkali has a rather significant implication. The Nile 
flood water contains 0.16 me./l. SO4. For this concentration of sulfate to start 
ciystalizing out in a pure solution, the volume would have to be reduced to 
175th of the initial. Actually, in soils, calcium sulfate has been observed to re¬ 
main in solution at double its theoretical solubility of 28 me./l. The conclusion 
to be drawn is that for the fonnation of gypsum, Nile water had to undergo 
approximately a 200-fold volume reduction. Such may not be at all unusual in 
many irrigated soils with high water tables or impervious layers, and it serves 
to justify consideration of water quality in terms of concentrates that have 
volumes which are only a small fraction of the initial water. 

The mixed conditions of hi^y fertile soils and alkali soils under the Nile 
illustrate that the use of an irrigation water that yields sodium carbonate upon 
evaporation does not always lead to black-alkali formation. Soils that contain 
some black alkali but which are not yet entirely impervious are often reclaimed 
without use of soil amendments by providing drainage and then leaching with 
water from the same source as that which produced the condition. This has been 
accomplished in Egypt, and Kelley and Brown (7) have demonstrated the feasi¬ 
bility of such reclamation in the alkali soils near Fresno, California. After the 
land at Fresno was drained, it was leached with water that was probably not 
very different from waters of the general region, some of which contain con¬ 
siderable residual sodium carbonate. Use of soil amendments, however, hastened 
reclamation; sulfur was especially effective in that calcareous soil. 
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In keeping with what one would expect from the analyses of the Tigris and 
Euphrates, the soils which have been served by these waters are free from black 
alkali. Data by Webster (13) and the results obtained from small test plots sup¬ 
port the conclusion to be drawn from the water analyses that calcium saline 
soils are represented and have been responsible for wholesale abandonment. 

SUMMARY 

Black alkali occurs frequently in soils irrigated by the Nile in Egypt. Anal 3 rses 
diow that Nile water consistently contains residual sodium carbonate, that is, 
more HCOs and COs than Ca and Mg. In his early investigations, HUgard asso¬ 
ciated the occurrence of black alkali in soils with sodium carbonate in water 
supplies, and that relationship might again be used to advantage in judging the 
properties of irrigation waters. Half of a group of 444 water samples from the 
San Joaquin Valley of California have been found to contain residual Na2C08. 

Soils of Iraq are irrigated from the Tigris and Euphrates. These waters con¬ 
tain much more calcium and magnesium than carbonate and bicarbonate and 
also more calcium and magnesium than sodium, and no black alkali has ever 
been found. Although these rivers contain only a little salt, millions of acres of 
land are now too saline for crops and great irrigation canals lie abandoned be- 
, cause of absence of drainage. 

When lands are irrigated with water containing more than twice as much so¬ 
dium as calcium and magnesium, permeability is likely to be impaired. This 
relation in water supplies is customarily expressed as percentage sodium. As 
discussed in this paper, water with a low initial percentage sodium may give 
rise to a high-sodium soil solution by reason of calcium carbonate precipitation, 
whereas the percentage sodium of other waters with little COj + HCOs will 
change little during evaporation. That the magnitude of the possible change, 
in the soil, of percentage sodium may be taken into account in appraising water 
quality, it is suggested that both the percentage sodium ‘‘fotmd” and the per¬ 
centage sodium “possible,” as well as residual sodium carbonate, might be profit¬ 
ably reported in conjunction with analyses of irrigation waters. 
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EFFECT OF GASEOUS PHASE ON WATEHSTABLE SYNTHETIC 

AGGREGATES! 

ANDEEW P. MAZURAK* 
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An investigation by the author to determine the effect of particle-size of 
minerals on aggregation has drawn attention to an interesting phenomenon— 
an anomalous role of the gaseous phase in water-stable aggregates. The well- 
known disruptive influence of air inside the aggregates when these are suddenly 
wetted by water has been recognized by many. In this paper the evidence ob¬ 
tained from dispersion measurements with ssmthetic hydrogen aggregates from 
expanding and none3q)anding ciystal-lattice types of clay minerals suggests that 
the gaseous phase not only has a disruptive influence but also a protective effect 
and aids in maintaining the stability of smaller aggregates. The results of the 
experiment also suggest a standard method in wetting dry aggregates for their 
measurement of size distribution in water. 

TGX PTT.TtTM'ffiT 'JTr' A Ti PBOCEDUBE 

To investigate the effect of the gaseous phase on water-stable aggregates, the 
clay fractions were separated from Hesperia sandy loam and kaolinite. The sandy 
loam was collected from the cultivated, 8-inch surface of the plots studied by 
Bodman and Mazurak (4) nearShafter, California. The light grayish brown mica¬ 
ceous soil is a recent alluvial material derived from granitic rocks. Although 
distinct natural horizons appear to be lacking in the profile, the deeper part may 
be calcareous. The soil was given the same pretreatment as for ultimate analy¬ 
sis. This treatment consisted of digesting with H 2 O 2 , washing with HCl and 
water, and adding (NaP08)8 with ovemi^t shaking m a reciprocal shaker. The 
particles <l,16n were separated by gravity sedimentation, and a portion of the 
suspension of particles was centrifuged in a Sharpies supercentrifuge to 

obtain particles <0.15iu;. 

The kaolinite, from South Carolina, was crushed with a rubber-tipped pestle 
in a mortar and was diy-groimd in a ball-mill for 24 hours. It was then dispersed 
in water with (NaPOz)^^ and particles <1.15pt were separated by gravity sedi¬ 
mentation. Of the particles <1.15jtt, 12 per cent were 1.15-0.58^, 26 per cent 
0.58-^.29iLi, 23 per cent 0.29-0.16;*, and 39 per cent <0.16;*. 

The suspensions of kaolinitic particles < 1.16m and particles <0.15m from 

1 Contribution from the Division of Soils, Berkeley 4. 

* Assistant professor of agronomy, University of Nebraska, Lincoln 1, Nebraska; for¬ 
merly an associate in tbe University of California Agricultural Experiment Station. The 
author wishes to express his appreciation to G. B. Bodman, professor of soil physics, for 
his interest in this study. 
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Hesperia sandy loam were electrodialyzed. They were then slowly dried to in¬ 
duce aggregation. In synthesizing aggregates from suspensions, the particles 
were given a good opportunity to come in contact with one another during dry¬ 
ing. Thus, the suspensions were slightly stirred to reduce as much as possible 
the gravity settling of particles, frictional forces, and air bubbles. The material 
was allowed to dry slowly for 2 or 3 weeks without being manipulated in the 
thick consistency state. Preliminary experiments with drying methods showed 
that, of the many ways tried, placing the beaker with the suspension on top of 
an electric diying-oven or steambath gave the largest aggregates. This procedure 
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Wetting with Water 


was followed, therefore, in most cases. In special experiments, however, suspen¬ 
sions were dried over concentrated sulfuric acid in a desiccator evacuat^ to the 
boiling point of water. 

Ssmthetic a^regates so formed were prepared for analysis by wetting under 
vacuum in the apparatus shown in figure 1. The bottle containing a single aggre¬ 
gate was left ovenu^t in an evacuated desiccator. Water was then admitted 
slowly under partial vacuum through the glass-tube intake. At first, the aggre¬ 
gate was only partly wetted, to allow escape of entrapped air and also to prevent 
vigorous boiling of the water. Later, more water was added until the a^regate 
was immersed in 5| ounces. The shaker-bottle was thmi placed in a reciprocal 
shaker. Pour samples were shaken for 2-, 20-, 200- and 2,000-ininute3, respec¬ 
tively, to produce varying degrees of dispersion. In all cases, the total of 
immerrion was approximately 2,200 minutes. 
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In addition to this standard procedure of wetting aggregates, three addi¬ 
tional methods of wetting kaolinitic aggregates in the shaker-bottle were used: 
(a) aggregate flooded with water; (b) aggregate in a shaker-bottle flooded with 
water and the bottle placed in a desiccator, which was immediately evacuated 
to the boiling point of water; and (c) aggregate in a shaker-bottle left ovemi^t 
in a desiccator imder partial vacuum, CO 2 slowly admitted through the intake 
until atmospheric pressure was reached, desiccator lid removed, aggregate 
flooded with water, and the bottle stoppered. 

Aggregates containing particles <0.15m from Hesperia sandy loam were 
wetted in the following manner: In addition to the standard procedure of wetting 
aggregates already described, a set of wetting treatments was obtained by flood¬ 
ing air-dried aggregates with water. In a second set of wetting treatments the 
air-dried aggregate xmder partial vacuum was wetted with C02-saturated water. 
In a third, fourth, and fifth set the suspensions were dried over concentrated 
sulfuric acid under partial vacuum at the boiling point of the suspension. These 
three sets were then wetted in the following ways: In the third set of samples 
water was added without admission of air, the gaseous phase consisting of residual 
air plus any water vapor left in the partly evacuated desiccator. In the fourth 
set of samples air was admitted into the desiccator and the dry aggregates were 
left in the open for 2 weeks; then the desiccator with each dry aggregate m a 
shaker-bottle was evacuated, and the aggregate was left in partial vacuum over¬ 
night; and finally, the aggregate was wetted under partial vacuum. In the fifth 
set CO 2 was admitted slowly into the partly evacuated desiccator until its pres¬ 
sure equaled that of the atmosphere, and then the aggregate was flooded. The 
condition during drying of suspension, the treatment of aggregates prior to 
wetting, and the wetting condition are summarized in table 2. 

The size distribution of aggregates in water was made by a combination of 
methods: wet-sieving (>590m), elutriation (590 > 18.5/i), gravity sedimentation 
(18.5 > 2.3I/4), and centrifugation (1.15 > 0.15/i). The size class-intervals used 
in the analysis are shown in figures 2 and 3 by the graduations on the abscissa 
scale which shows equal logarithmic intervals having limits equal to 2 over the 
range 9,400m to 0.15m. 

In expressing the results from abrogate analysis the summation curve is used 
without stressing any particular aggregate size. To permit comparisons of treat¬ 
ments with numerical values, the area imder the C.C. (cumulative weight per¬ 
centage curve) is calculated and related to the G.M. (geometric mean size). The 
G.M. has a physical dimension of length. By use of the standard deviation and 
the shape of particle. Hatch and Choate (10) have related the G.M. of particles 
to the surface area. This relationship gives more significance to the use of G.M. 
in aggregate analysis, since structural phenomena involve surfaces. The G.M. 
may be obtained from the usual method by the use of logarithm (13) or by the 
followicg short-cut method. The G,M. is the anti-logarithm of an average of 
logarithms, thus, the area under the C.C. (see fig. 2) to the right of G.M. is equal 
to the area to the left of G.M. and above the curve. Expressing this relationdupl 
mathematically: 
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Solving for G.M., fii 

G.M. = 


Upper diameter, n 


q /2 Cumulative percentagesX 

^ V-ioo-; 


A correction of i log 2 for the class-interval is made, making the equation equal 
to: 


G.M. = 


Upper diameter, n 
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100 
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RESULTS 

The first evidence for the effect of gaseous phase on water-stable aggregates 
was deduced from an investigation on the effect of particle size of minerals on 
83 nithetic water-stable, hydrogen aggregates which will be reported in a future 
publication. It is briefly summarized here. As the particle sizes from Hesperia 
sandy loam decreased, the G.M.'s of aggregates increased, as was expected for 
the 2-, 20-, 200-, and 2,000-minute shaking, except for particles <0.15/i after 2- 
and 20-minute shaking. The less aggregation of particles <0.15 m in contrast to 
aggregates containing particles 0.29-0.15ju was attributed to failure to remove 
the air remaining in the diy aggregates containing particles <0,15jLt after partial 
evacuation. This was suggested by the similarity in behavior between dry aggre¬ 
gates wetted under partial vacuum and those immersed in water under atmos¬ 
pheric conditions. The similarity was in the explosive action in the aggregates as 
evidence by popping and cracking, by small aggregates flying off the larger piece 
in the water, and, frequently, by air bubbles shooting from the water surfaces. 
The swelling property, which was absent for separates >0.15/1, was thought not 
to be the primaiy cause of disaggregation, because the process occurred in a few 
seconds. It is not meant to imply that swelling is not important, for swelling 
would result in differential stresses and strains in the a^egates, causing them 
to disintegrate. Furthermore, if the adsorbed and entrapped air aided in dis¬ 
aggregation, the greater water-stablity of aggregates containing particles <0.15/* 
than those containing particles 0,29-0.15/* was not readily explainable. 

Aggregates cmtainmg particles from haolmite 

Wilh the background of the above experimental evidence from aggregates 
containing separates obtained from Hesperia sandy loam, kaolinite was used to 
test the validity of the h 3 npothesis of the effect of air on aggregation. The results 
of different wetting methods mentioned in the experimental procedure are gjiven 
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in figure 2. The G.M.’s of a^regates are given in table 1, in which the phrase in 
parenthesis in the first column identifies the C.C.’s in figure 2. The G.M.’s are 
slightly higher than the true values, for the calculation does not include sizes 
below 18.5ju but assumes that the particles and a^egates <18.5ju are in the 
size class 18.5-9.25m. Aggregate analysis was made on sizes below 18.5jk, but 
because of flocculation of particles and aggregates in the sedimentation method, 
the measurements were not included. To enable one to make comparisons on the 
degree of dispersion, the G.M. of ultimate particles is given on the basis of 
<18.5/t. The fact is, however, that the particles used were <1.15ai. 

The partial evacuation of air from dry kaolinitic aggregates and the wettii^ 
under vacuum (vacuum wet curve) did not disperse the aggregates, as shown 
by the C.C.'s in figure 2A and the G.M.’s for the 2-minute shaking in table 1. 
Eeplacement of air by a soluble gas in the dry aggregate and flooding with water 
at atmospheric pressure (vacuum, CO2, air wet curve) gave results comparable 
with the vacuum method of wetting (figs. 2-A and -B). In figure 2-A the 2-minute 
shaking C.C. shows a very slight dispersion of coarse aggregates containing COa 
when immersed in water in comparison to the vacuum wet method, suggesting that 
possibly COa did have a slight dispersing ^ect. No such effect of COa is evident 
for the 20-minute shaking C.C. in figure 2-B. In the 200-minute shaking the 
aggregates containing COa gave less dispersion than those wetted under partial 
vacuum. Apparently, COa does contribute to the stability of kaolinitic a^e- 
gates. The slight dispersing effect for the 2-minute shaking is attributed to COa 
in the large pores, whereas the stability of aggregates is attributed to COa in 
the very small pores. Partial vacuum method of wetting a^egates gave a higher 
G.M. and a lower dispersion curve for the 200-minute shaking than those flooded 
in water under atmospheric conditions (air-wet and air-wet vacuum curves). 

The slopes of C.C.’s for a^regates containing COa (vacuum, CO 2 , air-wet 
curves) and those wetted in partial vacuum show that the aggregates wore down 
with increase of shaking time. Microscopic examination of aggregates after 
shaking in water showed them to be smooth and ovoid, which suggests attrition. 
A bimodal distribution of aggregate sizes >2,360 m and<18.SM is present with 
very few a^regates between these sizes. Aggregates with air in the interior and 
unmersed in water, however, showed variation in size distribution of aggregates 
from 2 to 200 minutes of shaking. Attrition of the aggregates after shaking in 
water is brought out clearly when the C.C.’s for aggregates at different diaking 
times are plotted separately for each treatment. The curves have approximately 
identical slopes, but are displaced toward the smaller aggregate sizes. 

With the 2,000-minute shaking, the aggregates of all treatments abraded to 
sizes <18.5/1, with the ^ception of the air-wet, partial vacuum treatment. The 
fsmt that the C.C. for this exception showed a^egation of particles of 150/x 
may be attributed to the short period during which the system was subjected to 
partial vacuum, namdy, 200 hours in contrast to 2,000 hours for all others. 
Another plausible explanation is that the remaining entrapped air in the aggre¬ 
gates may be responsible for their stability. 
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Aggregates containing 'particles <0.1Sii from Hesperia sandy loam 

Diy hydrogen-aggregates containing particles < 1.15m or <0.15m from Hes¬ 
peria sandy loam behaved similarly to each other when the aggregates were 
wetted under partial vacuum. Since the hydrogen aggregates containing par¬ 
ticles > 0.15m did not show the explosive action during wetting under partial 
vacuum, the cause of shattering was associated with particles <0.15m, which 
amoimted to 70 per cent of < 1.15m particles. Use of aggregates containing par¬ 
ticles <0.15m simplifies the interpretation of results. The wetting treatments of 
aggregates, given in experimental section, are summarized in table 2, together 
with the G.M.’s of aggregates and their stability in water. The C.C.'s for aggre¬ 
gates are shown in figure 3. 

The G.M.’s in table 2 are arranged in a descending order of values for the 2-mm- 
ute shaking. The relative position for each treatment holds for the 20-minute 
shaking. The aggregates obtained from suspensions dried in partial vacuum and 
then wetted gave higher G.M. of aggregates than those from suspensions dried 
in air. In the partial vacuum set (treatment 1) the aggregates probably have only 
water vapor with very little air in the pores to obstruct the particles from coming 
into greater contact with one another during the drying of suspension. These 
aggregates when wetted imder partial vacuum showed the least dispersion, be¬ 
cause the air phase was absent in the ^stem. Dry aggregates with the pores 
filled with CO 2 showed the second highest G.M., while those filled with air and 
then partly evacuated were the lowest in G.M. after the aggregates were wetted. 
The reason for the latter’s having the lowest G.M. of aggregates is that not all 
the air in very fine pores and surfaces of aggregates can be removed by a single 
evacuation (16), On the other hand, the dry aggregates obtained from suspensions 
dried in air, as much air as possible being evacuated before wetting, showed a 
higher G,M. than those without any vacuum treatment. If a gas were expanding 
in the interior of the aggregate, even thou^ the aggregate is in partial vacuum, 
while being wetted, the process should greatly disperse the aggregate. This is 
shown by the set in which the partly evacuated aggregate was wetted by water 
saturated with CO 2 (treatment 6). 

In the 2,000-minute shaking, the aggregates obtained from suspensions dried 
in air show the least dispersion in contrast to those from suspensions dried in 
partial vacuum. The property of adsorbed air is given as the cause of the sta¬ 
bility of aggregates. The presence of air in the aggregate probably prevents the 
water from penetrating the a^egate. In table 2 the G.M. of aggregates from 
suspensions dried in air gave hi^er values in two out of three cases than those 
for suspensions dried in partial vacuum series. The latter, owing to less air 
present in the aggregate, yielded a higher dispersion in two out of three cases, in 
spite of the fact that their aggregates had the largest size-distribution initially. 
The aggregates formed from vacuum-dried suspensions and vacuum-wetted 
without admission of air, gave the lowest G.M. out of six treatments. In table 
2 the order of descending G.M. of aggregates for the 2,000-minute shaking after 
different wetting treatments is as follows: 4>6>2>5>3>1. 
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In the 200-minute shaking the effect of treatments are not too well-defined for 
most cases. The tendency is for the treatments to approach that for 2,000-mmute 
shaking. 

The separate plotting of the C.C.’s for aggregates of the same treatment but 
different shaking times suggests that shaking water-suspended a^iegates in a 
container is merely ah abrasion process. Experiments with kaolinitic aggregates 
lead to the same conclusion. The size distribution of aggregates after the dry 

TABLE 2 
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abrogates have been wetted is largely determined by the method of wetting, 
as shown in figure 3A. The 2- and 20-minute shakings did not sdeld very many 
particles or aggregates below 9.25 m> In figure 3C the 200-mmute shaking shows 
an appreciable amount of fine material for the aggregates from suspensions dried 
under partial vacuum and wetted without admisrion of any gas. 

As with the results of the C.C.’s for kaolmitie aggregates, no consistent, 
simple mathematical relationships exist between G.M. and increase in shaking 
time for aggre^tes from Hesperia of <0.15|t particles. Stability of aggregates 
is readily apparent from table 2. The aggregates from suspensions dried in partial 
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vacuiim are less resistant to change in G.M. of aggregates on shaking than are 
those from suspensions dried in air. At the beginning of shaking, however, larger 
aggregates are present in the former than in the latter. It should be noted that 
once the wetting had dispersed the a^egates, as in treatment 6, the CO 2 gas 
aided in maintaining the stability of aggregates (table 2). 

In table 2, treatment 6, difficulty was experienced in getting the C02-saturated 
water down the stem of the funnel because of sudden expansion of CO 2 with the 
formation of bubbles. To obtain consistent results, the stem of the funnel should 
be sufficiently wide to prevent the formation of bubbles. 

The different methods of wetting dry aggregates shown in tables 1 and 2 pro¬ 
duced aggregates of various sizes, shapes, and forms. No quantitative measure¬ 
ments were made on the shape and form or on the quality of these aggregates. 
The a^regates from suspensions dried in vacuum formed definitely more platy 
and gelatinous aggregates after wetting than did those from suspensions dried 
in air. The gaseous phase is undoubtedly a factor to be considered in the shape 
and type of structural forms. 


DISCUSSION 

The disintegration of large aggregates into smaller sizes under natural con¬ 
ditions was recorded in the literature in 1650 (15). This well-known fact is utilized 
in the field by allowing the soil to remain fallow. With alternate drying-wetting 
or with freezing-thawing, which is essentially a drying-wetting process, or with 
both, smaller aggregates are produced (3). The wetting-drying phenomenon is an 
important process in irrigated regions, for a dry soil suddenly receives iai^ 
quantities of water. Not many quantitative data have been published on the 
eSeot of irrigation on the aggregate size-distribution. The effects of a drying- 
wetting cycle on a soil in the field probably depend onthemethodof wetting more 
than upon the mere repetition of drying and wetting of the soil, for the effect of 
Ihe process appears to be largely dependent on the gaseous phase in the aggre¬ 
gate. For example, a clod of Hesperia sandy loam was alternately wetted with 
water by capillary action and air-dried for 20 cycles. The clod remained virtually 
the same size, but when the dry clod was flooded with water, it immediately 
slaked down. 

The gaseous phase, a neglected factor in structural study, also appears to be 
closely related to the wettability of soils. Soils with a high content of iron or 
organic matter or air-dried pulverized soils are difficult to wet. Numerous Ger¬ 
man investigators (9) have associated the unwettability of such soils with ad¬ 
sorbed air. Wettability of soils was given considerable attention in Europe a few 
decades ago. Ammon, cited by Giesecke (9), gave the following figures on the 
adsorption of carbon dioxide [data for O 2 , N 2 , NH 3 , and other gases are also 
given in this reference] by 100 ml. of iron hydroxide, humus, gypsum, and kaolin 
as 5,726, 930, 210.6, and 8.96 ml., respectively. These figures are of particular 
interest here, for the replacement of air by carbon dioxide in the diy ^thetic 
a^regates followed by immersion in water had very little dispersive effect on 
tiie aggr^tes. It will also be recalled that entrapped or adsorbed air aided in 
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maintaining the stability of small aggregates. These facts bring to mind the 
possible additional functions of organic matter, iron hydroxide, and micro¬ 
organisms in soil structure phenomena. Concerning aggregates containing organic 
matter or iron hydroxide intimately mixed with a soil mineral, the question 
arises as to how much the stability is the result of cementing materials and how 
much is due to the air, carbon dioxide gas, or other gases adsorbed on these sur¬ 
faces. Thus, it appe^ that the coating of the primaiy minerals and of elemen¬ 
tary structural forms becomes important in interpreting the physical properties 
of soil. Tiulin's work (18) stresses this fundamental aspect of soil structure. 
Similarly, many investigators (1, 2, 7, 8,12,16) have shown the effect of gaseous 
phase on soil properties. 

The phrase “effect of entrapped and adsorbed air” was used many times in 
this article. The part played by each in disaggregation was not studied quanti¬ 
tatively, as this required a new set of experimental conditions. Furthermore, the 
composition of the gaseous phase, of which water vapor is an important constit¬ 
uent, has not been rigidly controlled in these esperiments. The experiments 
with CO 2 gas suggest that the presence of water vapor will have the same effects 
on aggregates. The procedure used, however, possibly gave the minimum amount 
of water vapor encountered in soils xmder atmospheric conditions. 

When an air-dried a^egate is immersed in water, many phenomena that 
are important in determining the size distribution of aggregates occur. The en¬ 
trapped air is pushed inside the aggregate, and because of the insolubility of air, 
it is compressed by the capillary forces of water. The result is that the aggregates 
shatter. This explanation was confirmed experimentally by failure of the kao- 
linitic aggregates to shatter when the dry aggregates under partial vacuum were 
wetted by water. Moreover, Henin (11) obtained greater dispersion of dry 
aggregates when he wetted tiiem at 3 atmospheres than at 1. The solubility of 
gases during wetting of dry a^egates is important in determining the aggre¬ 
gate-size distribution. The CO 2 was chosen to be present in the diy aggr^tes, 
rather than air or water vapor, to show the effect of solubility of gases in water 
during the wetting process. The CO 2 , being soluble in water, would dissolve 
when the aggregate was wetted by water, and hence the explosive action should 
be absent. The increase of pressure of the CO 2 gas by the water*s moving into 
the aggregate would dissolve more gas, according to Heniy’s law, thus further 
lessening the explosive action. A concentration gradient of the dissolved gas is 
probably established between the interior and the exterior of the aggregate. 
Escaping bubbles were observed coming from the aggregates containing CO 2 
when they were flooded with water. 

The second phenomenon which is thought to occur, simultaneously with the 
first, during the wetting of a dry aggregate is that the water-film displaces sur¬ 
face-adsorbed air and compresses the air into the a^egate. Sobolev and Chapek 
(17) have measured these two types of air and bdieve that the adsorbed air is 
more important than the entrapped air. This is rational, for we know that the 
adsorbed air is held comparatively rigidly to the surface. Its volume is probably 
small as compared to the released volume of gas, the e:q)ansion of which would 
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tend to decrease the temperature inside the aggregate during the wetting process. 
This tendency is more than ofiEset by the heat of wetting. The net effect is that 
of farther increase in the gas pressure by the expansion of gas in the interior of 
the aggregate. Thus, it is quite evident that the nature of the adsorbents and the 
rate of wetting are important in determinii^ the size distribution of a^egates. 

As to the nature of adsorbent, which would indicate the amount of adsorbed 
air present dxiring wetting of dry a^egates, a hydrogen kaolinitic aggregate 
formed from particles <0.15m (obtained without bail-mill grinding) wetted under 
partial vacuum and shaken for 2 minutes in water gave a G.M. of a^regate of 
>10,000/{. On the other hand, hydrogen aggregate from Hesperia of <0.15^ 
particles with treatment similar to that of kaolinite had a G.M. of 300fc. The 
particles in the two types of clay mineral are not likely to have the same size 
distribution, and this, together with differences in the nature of surfaces, would 
affect the quality of aggr^ates. The pore size, for instance, (ff kaolinitic aggre¬ 
gate was probably larger, as evidenced by the soft, diy abrogates, than in the 
Hei^ria, which had hard a^regates. Hence the partial evacuation may have 
been more complete in kaolinite than in Hesperia aggregates. The importance 
of pore size, hence the permeability of aggregates, in shattering aggregates during 
wetting is quite apparent. Farther evidence that permeability of aggregate is 
important in determining the size and stability of aggregates is based on the 
fact that when one symmetry concentration of Na'*' was added to electrodialyzed 
suspension of particles <0.15^ obtained from Hesperia, followed by drying in 
air, and then wetting under partial vacuum, the sodium aggregates did not show 
the e^losive action but, instead, showed slow slaking. This su^ests that the 
effective pore size in the sodium aggregate must be too small for the ^trance of 
water, and that the only way for it to enter the aggregate was by gradual re¬ 
moval of the surface layers of a^regate. Thus it was reasoned that the stability 
of hydrc^en aggregates containing particles <0.15jt» was probably due to failure 
of water to wet the solid. In addition to the small effective pore-size, the air 
temaining inside the comparatively larger pores in the aggregate developed 
sufficient pressure to oppose the force of adhesion of water to the solid. For the 
particle to disperse in water, it would be necessary for the water to wet the 
particles. The exact mechanism by which the air promotes greater stability of 
aggregates cannot be known without farther experimental work. 

STTMStiBT 

Experimental data are presented for hydrogen aggregates ^thesized from 
kaolinite particles < 1.15m and from particles <0.15m of an expanding lattice 
clay separated from Hesperia sandy loam. The latter clay contained some 
hydrous mica. 

A method of wetting dry aggregates under partial vacuum is described. Its 
use is su^ested as a method for wetting natural a^regates for aggregate analysis 
in water. Sieves, elutriator, gravity- and centrifugal-sedimentation methods 
were used to obtain aggregate sizes over the range 9,400 to 0.15m and finer, size- 
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class limits spaced at intervals corresponding to a geometric progression with the 
common factor 2. 

Aggregation is expressed by geometric mean size of aggregates, which is in¬ 
versely related to the surface area. The larger the geometric mean, the greater is 
the aggregation. The geometric mean size is used with the curves of cumulative 
weight percentage of aggr^ates in interpreting the data. 

The size of synthetic aggregates in water depended on the method of wetting 
and on the composition of gas inside the aggregate at the time of wetting. Dry 
aggregates wetted under partial vacuum gave a larger geometric mean of wet 
aggregates than did aggregates immersed in water under normal atmospheric 
conditions. The replacement of air by CO 2 m the aggregates and subsequent im¬ 
mersion in water under atmospheric pressure gave comparable results to that 
of the partial vacuum wet technique. Expansion of gas in the aggregates caused 
the aggregates to disintegrate. 

The stability of aggregates in water was determined from the size distribution 
of aggregates at various shaking times, namely, 2-, 20-, 200-, and 2,000-mmutes. 
The stability of aggregates, that is, the resistance to change in geometric mean 
size of aggregates on shaking, was less in the aggregates wetted under partial 
vacuum than in those wetted in air. The relatively insoluble gas (air) in the ag¬ 
gregates seemed to give greater stability to aggregates of <150;x. The presence 
of CO 2 gas in kaolinite after 20-minute shaking gave better aggregation than in 
the aggregates wetted imder partial vacuum. Shaking in water in a shaker-bottle 
appeared to result in wearing down the surface rather than breaking up the ag¬ 
gregates into smaller particles. 

The effect of the gaseous phase on water-stable aggregates is used to interpret 
some of the results foxmd in the literature. 
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PROPERTIES OF SOIL WHICH INFLUENCE WIND EROSION; I. THE 
GOVERNING PRINCIPLE OF SURFACE ROUGHNESS* 
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Erosion of the soil by wind is influenced by numerous factors. Many useful 
methods of wind-orosion control have been devised through recognition of 
the importance of these factors in field experiments. Though such experiments 
have markedly increased our knowledge on how to hold the soil, they have not 
contributed appreciably to our knowledge of what constitutes an erodible or a 
nonerodible soil or of why some soils are more susceptible to erosion than others. 
Differences in erodibility suggest that inherent soil properties and properties 
brought about by cultivation and accelerated erosion play an important role. 

To obtain more specific answers to these problems a series of experiments was 
undertaken. The first of the studies was conducted to gain more adequate in¬ 
formation on the generally recognized but little imderstood relationship between 
erodibility of soils and their physical structure. A part of the results of these 
studies is herein reported. Another group of experiments was undertaken to 
evaluate the effects of various physical and chemical factors on the erodibility 
by wind. 


SCOPE OP THE PROBLEM 

Wind erosion is dependent directly on the physical condition of the soil. Only 
soils in a dry state are moved by wind; neither wet nor damp soils are affected 
appreciably. Thestructureof a soil inan air-drystate is, therefore, a more reliable 
index of erodibility than its structure in a wet state. The water-stable structure 
relates to erodibility; yet it is but one of many factors that determine the diy 
clod structure and erodibility (4). 

Changes in diy clod structure which consequently affect the resistance of the 
soil to wind action are brought about by various field practices and environ¬ 
mental conditions. The more important of these are climatic and weather condi¬ 
tions (8), type of tillage and seeding implements employed (5,12), soil moisture 
conditions at the time of tillage (14), and kinds of crops grown (10). Several 
attempts have been made to determine the erodibility of soils from the dry ag¬ 
gregate soil structure produced by various tillage and cropping treatments in 

^ Contribution No. 410 from the department of agronomy, Kansas Agricultural Experi¬ 
ment Station, Manhattan, Kansas, and the Soil Conservation Service, U. S. Department of 
Agriculture. Cooperative investigations on the mechanics of wind erosion. 

* Professor of soils, Kansas Agricultural Experiment Station, and cooperative agent. 
Soil Conservation Service, Manhattan, Kailas. Acknowledgment is made to A. W. Zingg, 
project supervisor, and Dorothy Ituss, agricultural aid, for suggestions and assistance in 
this work. 
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the field (3,13). A few attempts have been made to measure the relative erodi- 
bility directly by subjecting the soil to an artificial wind (9,11).^ 

The relationship between soil structure and erodibility by wind is intricate. 
Nevertheless, some attempts have been made to derive a formula simple enough 
for convenient use as a measuring stick of the erodibility of soils under various 
treatments in the field (3, 13). These measurements have been very useful but 
hardly adequate. A practical solution of the problem is needed for application 
in the field. Until this relationship is thorou^y understood and adequately 
expressed, it will be impossible to evaluate the importance of the different physi¬ 
cal and chemical factors that affect the erodibility of the soil by wind. 

The evaluation of the various factors that affect erodibility by wind falls 
logically into the second phase of the study. The literature reveals little study 
devoted to this relationship. Hardt (6) concluded from his investigations on 
soils in Bavaria that calcium carbonate is the chief factor responsible for erosion 
by wind, but that neither the size of grains nor the nature and amount of humus 
have any appreciable effect on erodibility. Hopkins (7) observed that soils high 
in calcium carbonate and in organic matter drifted badly in past years in Canada. 
He concluded that the fineness of soil structure is connected with the problem. 
Bradfield (1) affirmed that lime and organic matter do not in themselves ensure 
a good structure, such as is usually found in virgin soils, and concluded that much 
is yet to be learned concerning soil structure and the factors that affect it. 

A series of inv^tigations had been imdertaken previously to find the relation¬ 
ship between soil structure and erodibility by wind (2,3,4). A graphical solution, 
based on experiments in a wind tunnel, was derived from these studies. This 
solution expressed the relationship between clod structure and erodibility. Be¬ 
cause of the large number of constants that were found necessary to this ap¬ 
proach, the formulas were too complicated for extensive use as a measure of 
erodibility of different soils. Consequently, an attempt was made to condense 
these into one simplified form applicable to the average effect of the most common 
erosive wind velocities. Experimental tests proved that the simplified form was 
valid within specific limits on a variety of soils of Western Canada (3). 

Some important considerations pertaining to this problem have not been 
included in previous studies. One of these is a basic interpretation of the rela¬ 
tionship between clod structure and erodibility by wind. The results of this study 
are presented herewith. 


PROGEDTJKE 

The soil materials used in this study were dune sand composed mainly of 
quartz grains, an alluvial fine sandy loam, a loessal silt loam, and an alluvial 
clay. They were thorou^y dried, passed through a nest of sieves, and stored in 
air-ti^t containers for use as required. To derive a simpler expression of ero- 

* Joy, E. C. Annual report on wind erosion investigations in South Dakota. S. Dak. Agr. 
Exp. Sta. and U. S. Soil Conserv. Serv. lUnpublished}. 1941. 

Eueinski, K. Some properties of wind blown soils of Massachusetts. [Unpublished 
master’s thesis. Copy on file Mass. Agr. Exp. Sta., Amherst.] 1946. 
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dibility than was possible in pre^nous experiments (2), the limits of size of some 
fractions were broadened. The number of fractions was thus reduced from six to 
four. These were as follows: 

Fraction A—^Highly erodible, <0.42 mm. in diameter. 

Fraction B—^Difficulty erodible, 0.42 to 0.84 mm. in diameter. 

Fraction C—Nonerodible, 0.84 to 6.4 mm. in diameter. 

Fraction D—Nonerodible, >6.4 mm. in diameter. 

To test the erodibility of the soil materials, use was made of a closed-circuit 
type wind tunnel described pre\dously (15). The tests were made under wind 
velocities of 18 and 25 miles per hour at a 6-inch height. These velocities are 
based on air with a density of 0.075 pound per cubic foot. An 18-mile-per-hour 
vdnd at a 6-inch height corresponds to a moderately erosive wind occurring com¬ 
monly on the High Plains. A 25-mile-per-hour wind is infrequent, but the damage 
that occurs to soils on such occasions far exceeds that for lower velocities. The 
velocity of the wind was measured with a Pitot tube directly above the leeward 
end of the soU sample being tested and at various heights up to 6 inches. Velocities 
up to this height conformed to a definite pattern described pre\dously for a 
position 48 feet downwind of the tunnel (15). The soil samples were exposed in a 
trough 5 feet long, 8 inches wide, and 2 inches high. The trough had open ends. 
It was placed in the downwind part of and parallel to the length of the test 
chamber. The remaining floor area of the test chamber, which was 54 feet long, 
3 feet wide, and 3 feet high, was covered with nonerodible gravel 2.0 to 6.4 mm. 
in diameter. The gravel was smoothened or roughened as necessary to produce 
a surface roughness similar to that of the soil. The surface of the soil was leveled 
by hand in a layer 1.5 to 2.0 inches thick. Surface roughness and the thickness 
of the layer varied somewhat, depending on the size of the aggregates used. The 
trough was mounted on supports which could be raised or lowered to maintain 
the soil surface on the same level as that of the surrounding gravel. 

The amount of soil erodible under a definite wind velocity was determined by 
weighing the material before exposure to the wind and after soil movement had 
ceased. A slight amoirnt of dust circulated through the tunnel, but it was too 
fine to settle on the soil or to cause abrasion. During the course of the experi¬ 
ments temperature ranged from 70® to 85° F. and barometric pressure from 720 
to 760 mm. of Hg. These variations do not appreciably affect the erosional force 
of the wind. 

Measurements were also made of the average roughness of the surface before 
and after exposure to the wind. The roughness was measured by determining 
the height and the number of projections per unit area of groimd. 

RESULTS 

In all soils containing erodible and nonerodible fractions the amount of soil 
removed under an erosive wind force was limited by the height and the number 
of nonerodible fractions that were exposed on the surface by the wind. On these 
soils, unaffected by encroachment of erodible material from the outside, the 
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removal of the soil material continued until the height of the nonerodible pro¬ 
jections and their number per imit area were increased to a degree that completely 



Fig. 1. Appearance op Silt Loam Soil Composed op 92 Per Cent op Fraction A and 
8 Per Cent op Fraction C, (top) Before Exposure to Wind, (bottom) 

Apter Exposure Until Soil Removal Ceased 
Wind velocity 18 miles per hour at a 6-mch height; wind direction left to right. 

sheltered the erodible fractions from the wind. Movement then ceased (fig. 1). 
The time required for movement to cease ranged from about 0.5 to slightly more 
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than 1 hour, depending on the structural condition of the soil (fig. 2). Two aspects 
of structure influenced the rate of removal: first, the smaller the size of the non- 
erodible clods present in the soil, the higher was the initial rate of removal and 
the shorter the time required for movement to cease; second, the larger the ratio 
of erodible to nonerodible fractions contained in the soil, the higher was the 
initial rate of soil removal and the longer was the time required for movement 
to cease. 

If the soil contained a large proportion of erodible fractions, few nonerodible 
clods per unit area of ground became exposed by the wind. The nonerodible 



Fig. 2. Rate op Soil Remotal with Dxjhation op Exposubb in a Wind Tunnel 
Length of soil area, 6 feet. 


clods imder such condition reached a very considerable height when soil removal 
ceased. If, on the other hand, the soil contained a small proportion of erodible 
fractions, large numbers of nonerodible clods were readily exposed by the wind. 
Removal of erodible fractions was thus restricted, and the height of the non¬ 
erodible projections reached when soil movement ceased was relatively low. 

One important principle was clearly manifested in these experiments. At a 
stage when soil removal ceased, the hei^t of the nonerodible projections divided 
by the distance between projections^ remained constant for any proportion of 
erodible to nonerodible fractions present in the soil (fig. 3). This constant may be 
designated the critical surface-roughness constant The constant may be defined 
as the ratio of height of nonerodible surface projections to distance between the 
projections which will barely prevent the movement of erodible soil fractions by 
the wind. The constant varied with wind velocity and with the size and specific 


4 Distance between projections is equal to 



where N is the number of projections per 


unit area. 
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gravity of the erodible fractions, but remained the same for the whole range of 
size and proportion (by volume) of nonerodible clods. 

The critical surface-roughness constant reveals the basis for the peculiar re¬ 
lationship that exists between erodibility by wind and the structural condition of 
a cultivated soil. To examine this relationship more closely, let us take as ex¬ 
amples two samples of soil: one, a highly erodible soil containing a ratio of 9 
parts erodible to 1 part nonerodible fraction; the other, a wind-resistant soil 
having a ratio of 1 erodible to 1 nonerodible fraction. The relative distribution 
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Fig, 3- Hela.tiok' op Height op Subpacb Pbojbctions to Distance Between 
Pbojbctions Apteb Soil Bemoval by Wind Hlad Ceased 
(a) Sandy loam, silt loam, and clay, fraction A with C and A with D; (b) silt loam, B 
with C and B with D; (c) silt loam, A with C and A with D; (d) sandy loam, B with C and 
B with D; (e) quartz sand, B with C and B with D. Wind velocity for (a), (b), (d), and (e) 
was 25 m.p.h. and for (c) 18 m.p.h. at 6-mch height. 

of the two fractions in each soil is represented diagrammaticaUy and to approxi¬ 
mate scale in figure 4. In the cross-sectional diagram the nonerodible fractions 
are represented by rough circles, indicating approximate spheres. The level of 
the bed before the wind was applied is indicated by a continuous line. The erodible 
fractions occupy the blank spaces between the circles and below the line. The 
volume 7 of a nonerodible fraction, assumed to be a sphere, is equal to r d®, 
where d is the diameter of the fraction. The average distance from the center of 
one nonerodible fraction in the soil to the center of the next along a horizontal 
or vertical plane is represented by X. Distance X is equal to ^V{R + 1) 
where B is the ratio of erodible to nonerodible fractions contained in the soil. 
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Under a highly erosive wind velocity (25 miles per hour at 6-inch height) re¬ 
moval of erodible fractions continued imtil the surface was lowered to the dotted 
line in figure 4. By drawing a straight line from the peak of one projection to the 
new surface at the base of the next projection to leeward, the angle to the hori¬ 
zontal varied from 4° to 12® depending on the size and apparent specific gravity 
of the erodible soil fractions. 

Where the diameter of the nonerodible fractions was smaller than the height 
of the projections required to shelter the erodible bed, the descending grains 


Ratio of erodible to nonerodibto 
froctfons 9:1 



Ratio of erodible to nonerodible 



Fig. 4. Diagbammatic Rbpbesentation op Amounts op Erosion with Two Different 
Proportions op Erodible to Nonerodible Fractions 
Cross-sectional view through the maximum diameter of the nonerodible fractions. 

struck the erodible bed and caused a rapid removal of the erodible particles. 
Under such conditions the nonerodible fractions (mainly fraction C) were un¬ 
dermined by removal of erodible particles from below them and slid to a lower 
level. This process continued imtil a suflScient number of nonerodible fractions 
were exposed by the wind to stop removal of the soil. The depth of the erodible 
layer was thus limited by the critical height and frequency of the nonerodible 
fractions that were e:q)Osed at the surface by the wind. 

Observations of the surface conditions produced by wind on various soils 




TABLE 1 

Relation of amuni of emion to height^ number, and volume of projections existing at the surface before and after exposure of soils to wind* 



Volume ot nonerodible 

0.0277 0.0169 0.0228 0.0186 0.0168 0.0079 0.1994 0.1674 0.19160,07180.0182 0.0126 0.0067 0.0062 0.0786 0.0068 0.0869 0.0286 -0.0009 0.0011 0.0067 0.0121 0.0671 0.06160.0370 






















































. Weight of nonerodible 
fractions expoaed by 
erosion (1.6y)t 



157 



158 


W. S. CHEPIL 


served as a basis for interpreting the relationship between the dry aggregate 
structure and erodibility. The data obtained (fig. 3) indicated that the ratio of 
the height of projections to the distance between them on a surface stabilized by 
wind was constant for any proportion and any size of the nonerodible fractions 
contained in the soil. The volume of the projections per unit area of ground, how¬ 
ever, was not constant under any condition. In the great majority of cases the 
volume varied but little where the size of the nonerodible fractions remained the 
same. The extreme variation in volume occurred for mixtures of fractions A and 
C on loam soil. For these mixtures the maximum deviation from the average 
volume was 22 per cent. In most cases, however, this deviation did not exceed 
5 per cent (fig. 3). 

The height and number of nonerodible projections that existed on the soil sur¬ 
face before exposure to the wind had an important bearing on erodibility. Under 
uniform soil treatment, the height and number of surface projections increased 
with the concentration of nonerodible fractions contained m the soil. They varied 
also with the size of the nonerodible fractions (table 1). With relatively low con¬ 
centrations of nonerodible fractions the surface was virtually devoid of any pro¬ 
jections. Erosion by wind continued rapidly until a comparatively great depth 
of soil had been removed. With high concentrations of nonerodible fractions, on 
the other hand, the fine particles tended to sift downward among the coarser 
fractions, thereby forming a relatively rough surface composed predominantly of 
nonerodible clods. Consequently, the amount of erosion under such conditions 
was very small or none at all. When interpreting the effect of the height and 
number of surface projections on the erodibility by wind, it was necessary, 
therefore, to take cognizance of the volume of projections that occurred on the 
surface before, as well as after, exposure to the wind. 

Observations on the actual surface roughness before and after expc^ure to the 
wind were recorded under different wind velocities, and these served as a basis 
of a mathematical interpretation of the relationship of soil structure to erodibility 
by wind. The volume of surface projections before exposure subtracted from the 
volume after the surface was stabilized by wind indicated the volume of the non¬ 
erodible fractions that was exposed by the wrind. This volume multiplied by the 
ratio of erodible to nonerodible fractions contained in the soil indicated the 
volume of erodible fractions removable by wind (table 1). A comparison of these 
computed amounts with the actual amounts eroded in the wind tunnel showed a 
high degree of agreement between the two. The dominant principle which governs 
the erodibility of cultivated soils is evidently based on the hei^t and number of 
nonerodible projections existing on the surface before exposure to the wind and 
on the critical surface-roughness constant of a stabilized soil. This principle can 
be expressed by an equation: 

q = KROu (Yz - 70 

where q is the amount of soil erodible by wind; Vi is the volume of the nonerodible 
projections existing at the surface before exposure, assuming projections are 
dome shaped; Vz is the volume of such projections after soil movement has 
ceased; 0* is the density of the projecting units; R is the ratio of erodible to non- 
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erodible fractions contained in the soil; and £ is a co^cient the value of which 
depends on the actual shape of the projecting units. 

Fi varied directly with the proportion and size of the nonerodible fractions 
contained in the soil. Vt varied considerably with wind velocity and with size 
and apparent specific gravity of erodible and nonerodible fractions (table 1). 
On the other hand, it varied little with the ratio of erodible to nonerodible frac¬ 
tions (fig. 3). 

Apparent specific gravity of the hi^y erodible fraction A had little if any, 
influence on the height, number, and volume of surface projections exposed by 
wind [fig. 3, curve (a)]. Consequently, it had no appreciable effect on erodibility 
(tables 1 and 2). Apparent specific gravity of the semierodible fraction B, on the 
other hand, had a great influence on tire number and magnitude of surface pro¬ 
jections and on erodibility. 


TABLE 2 


Apparent specific gravity of various soil frctetions used in wind tunnel experiments 


SOIL FRACTION 

LIAICBTXS 


APPASXMT SFXdEIC GXAVITZ* 


Quartz sand and 
gravd 

Sandy loam 

Silt loam 

Clay 

A 

<0.42 

2.65 

2.10 

1.84 

1.66 

B 

0.42-0.84 

2.65 

1.72 

1.48 

1.56 

C 

0.84-6.4 

2,65 

1.50 

1.45 

1.63 

D 

>6.4 

— 

1.57 

1.66 1 

1.68 


( Weight of volume of soil grainB V 
Weight of same volume and size j . 
of quartz sand grains / 

Apparent specific gravity of clods >6.4 mm. was determined by liquid di^lamecent 
method after the surface was coated with hot parafi6n wax. 

The shape of the nonerodible surface projections apparently influenced ap¬ 
preciably the amount of soil moved by wind. In all soils used, fractions C were 
spherical or nearly so. An assumption that surface projections composed of 
fractions C were sectors of a sphere of a given diameter was apparently valid 
(table 1). This assumption did not hold for fractions D, which were definitely 
more angular. If the surface projections composed of D were assumed to be 
sectors of a sphere of a given diameter, the computed erosion values were about 
twice the actual values. If, on the other hand, the projections were considered 
pyramidal, the computed erosion values were less than half, and if they were 
considered cubical more than six times the actual values. The actual shape of D 
projections, as indicated by coefficient K, was equivalent to that approxi¬ 
mately half way between a spherical dome and a pyramid. 

niSCUSSION ANB CONCLUSIONS 

For soils containing erodible and nonerodible fractions there is no definite wind 
velocity that wiU perpetuate the movement of soil material. Erosion continues 
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until the nonerodible clods project sufficiently above the surface to give protection 
to the erodible fractions. Movement then ceases. In small fields, such as narrow 
strips, imder wind erf constant velocity blowing from one direction at ri^t angles 
to the strip, the time required for movement to cease is relatively short (approxi¬ 
mately 30 hours for a 20-rod strip). In large fields the time required is so much 
longer that soil removal under an erosive wind blowing from one direction does 
not cease. Nevertheless, the basis which determines the relative degree of erosion 
from small or large fields or from samples placed under an artificial wind in a 
tunnel appears to be the same. This basis is the amount of soil per unit area of 
surface erodible under some definite wind velocity. The rate of soil removal is 
not at all proportional to the total weight of erodible soil. 

The frictional drag of the wind on the erodible particles immediately after soil 
removal has ceased is barely below that required to move the particles. The soil 
surface at this stage is stable and will remain stable as long as there is no increase 
in wind velocity, no change in wind direction, no breakdown of the nonerodible 
fractions by the forces of weather, and no abrasion. If for any reason the hei^t 
of the projections is lowered or the distance between the projections is increased, 
as by forces of weather, removal of the erodible fractions on the previously stable 
soil wfil be resumed and will continue until the projections have again reached 
a height and lateral frequency required to stabilize the soil. At the ultimate stage 
of erosion much of the drag of an erosive wind is absorbed by the nonerodible 
clods protruding above the surface of the ground. Only the residual drag, which 
is just hardy bdow that required to cause the erosion, is absorbed by the erodible 
fractions. 

The amount of soil erodible by wind of some definite vdocity is thus limited 
by the critical hdght erf and distance between the nonerodible fractions that are 
exposed at the surface by the wind. The ratio of height of projections to distance 
between projections is desigoated as the critical surface-roughness constant. 
Under a given wind vdocity the critical surface-roughness constant remains 
tiie same for the whole range of size and proportion of the nonerodible clods. The 
critical surface-roughness constant required to stabilize the soil varies with other 
factors, however, such as wind vdocity and size and apparent specific gravity of 
the erodible fractions. These factors, in the aggregate, add considerably to the 
complexity of the phenomenon. 

The critical surface-roughness constant determines, in part, the volume of the 
nonerodible projections exposed by wind erosion and, hence, the volume of soil 
removable by wind. The volume of the projections required to stabilize the sur¬ 
face imder any given wind vdocity and size and apparent specific gravity of the 
erodible fractions remaias virtually constant throu^out the whole range of 
proportion of erodible fractions contained in the soil. Consequently the amount 
of erodon can be said to vary almost proportionately, other factors being equal, 
with the ratio of erodible to nonerodible fractions contained therein. 

The critical surface-roughness constant sets a limit to the amount of soil that 
may be removed by wind. The degree of surface roughness existing on the sur- 
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face before exposure to the wind determines, on the o&er band, how much soil 
may be removed before the critical roughness is reached. The volume of the 
surface projections before exposure is a function of soil structure. The more non- 
erodible fractions contained in the soil, the greater will be the volume of the non- 
erodible projections at tlie surface of the ground and tlie less tihe amount of ero¬ 
sion that will occur. 

The volume of the surface projections before exposure to tiie wind subtracted 
from the volume after the surface is stabilized by wind indicates the volume of 
the nonerodible fractions exposed by eroinon. This volume multiplied by the 
ratio of erodible to nonerodible fractions contained in the soil gives the actual 
volume of erodible fractions removable by the wind. The erosion values thus 
determined are approximately the same as the amoimts eroded in the wind tun¬ 
nel. The deteimmations thus present an insist into Hie gaieral principle—^the 
principle of surface roughn^s—^that governs the erodibility of cultivated soils. 
The principle of surface roughness gives the basis for the peculiar relationship 
which exists between soil structure and erodibility by wind. It involve the effect 
of three sets of factors all of which relate to the degree of surface roughness. 
These factors are: (a) the volume of surface projections determined at the outset 
by the size and proportion of nonerodible clods; (6) the ratio of erodible to non¬ 
erodible fractions contained in the soil; (e) the size, shape, and apparent specific 
gravity of erodible and nonerodible factions. This paper gives merely an indi¬ 
cation of the effect of these factors on surface roughness and erodibility- 

SUMMABT 

The amount of soil erodible by wind is limited by the critical height of and 
distance between the nonerodible fractions that are exposed at the surface by 
the wind. Eromon ceases as soon as this critical stage is reached. The ratio of 
hei^t of surface projections to the distance between projections after soil re¬ 
moval has ceased remains constant irrespective of the dze and proportion of the 
nonerodible clods contained in the soil. The ratio varies with o^er factors, how¬ 
ever, such as wind velocity and size, shape, and apparent ^cific gravity of the 
erodible fractions. These factors, as a whole, add considerably to the complexity 
of the erosional phenomenon. 
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Annud Review of Microbiology. Edited by Chaelbs E. Cupton, Sidney Eappel, 
AND H. AiiBEKT Babkbr. Annual Reviews, Inc., Stanford, California, 1949. 
Pp. 476. Price $6. 

This is volume 3 of this series. It contains careful reviews of the literature on 
18 selected topics in microbiology, including bacterial variation, actinomycetes, 
ciliated protozoa, metabolism and nutrition of microorganisms, constituents of 
viruses, antibiotics in vivo, immunity, virulence and pathogenicity, acquired im¬ 
munity, chemistiy of toxins, disease resistance in plants, oral microbiology, 
deimatropic viruses, food microbiology, growth of bacterial cultures, techniques, 
and bacteriophage. The authors include Lederberg, Erikson, Soimebom, Umbreit, 
Snell, Knight, Cutting, Taliaferro, Watson, Brandly, Eaffel, Pillemer, Robbins, 
Hart, Harrison, Buddingh, Halvorson, Monod, McCiung, and Fong. Reference 
is made to the work of some 2,500 authors. These reviews are of great value to 
microbiolo^sts, but they are of even more importance to workers in other fields 
of biology who are less familiar with recent developments in microbiology but 
need to be kept informed concerning them. All scientists are greatly indebted to 
the men who prepare, edit, and publish these reviews. 

Antibiotics. Edited by George W. Irving and Horace T. Herrick. Chemical 
Publishing Co., Inc., Brooklyn, 1949. Pp- 273. Price $6.75. 

The chapter on antibiotics from higher plants is of special interest to soil-plant 
scientists in that it su^ests ^'possibilities for the successful large-scale use of 
such antibiotics in the control of plant disease.” It contains references to 138 
papers that have been published in thk field of research. The other 13 chapters 
in the book deal with the history and development of the more common anti¬ 
biotics, especially penicillin and streptomycin. Some of the other antibiotics 
that have been foimd toxic to animals are believed to have possible value in the 
control of plant pathogens. The several chapters are lectures that were delivered 
by some of the most prominent men engaged in this field of research, including 
Cragwall, Dubos, Folkers, Heishman, Herrick, Irving, Keefer, Raper, Robbins, 
Waksman, Welch, and Wintersteiner. Those who are concerned with organic- 
matter relationships in soils may find it worth while to explore the book for pos¬ 
sible suggestions in the use of green manures as agents for the control of soil- 
bome plant-disease oirganisms. 

Col&rimetric Methods of Analyses. Third Edition. Foster Dee Snell and Cor¬ 
nelia T. Snell. D. Van Nostrand Company, Inc., New York, 1949. Pp. 950, 
figs. 51. Price $12. 

About one quarter of the papers on analytical chemistry that are now being 
published are in the field of colorimetry. That explains the reason for and the 
importance of this volume. Methods are presented for the determination of some 
60 dements and, in addition, of the several forms of some of these dements. 
Several methods are usually given for each element, the choice depencEng upon 
the quantity of the dement present, the availability of reagents, and the appara- 
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tus at hand. Reference is made to the work of more than 2,000 analysts. The 
material is concisely presented but in sufficient detail to meet most requirements. 
The authors have made a highly important contribution to the literature in this 
field. Every analytical laboratory will want a copy of the book close at hand for 
ready reference. 

Grass Silage and Dairying. By Ray W. Ingham. Rutgers University Press, New 
Brunswick, New Jersey, 1949- Pp. 88. Price $1.50. 

The book presents the results of a 5-year research project that was financed 
by the Herman Frasch Foimdation and carried out xmder the direction of Willis 
A. King, Walter C. Russell, and Carl B. Bender. Its purpose is to present the 
case for grass silage in comparison with com silage. The key to the presentation is 
found in the statement: “Even making allowance for the 10 per cent loss of 
nutrients considered nominal and unavoidable in the preparation of grass silage, 
properly ensiled ‘greens^ can satisfactorily replace some of the concentrates, a 
large part of the hay, and all of the com silage in the bam ration.” 

The addition of molasses is essential for dependable results, the amoxmt vary¬ 
ing between 40 pounds per ton for the grasses, 60 for mixed grasses and legumes, 
80 for perennial legumes, and 100 for soybeans. The book is written in nontech¬ 
nical language for the widest possible use of readers who are primarily concerned 
with dairy-farm practice. Seven tables of data from the original research report 
are given in the appendix. 

Introdudim d U^Itvde PSdolagigue des Soh du TerriUnre du Bos Fleme, By J- 
MnuiiENBERG, with the collaboration of L. de Leenheer and G. Waegemans* 
librairie Falk fils, Georges van Campenhout, Successor, Brussels, 1949. Pp* 
133, figs. 23, plates 6. 

This is a paper-bound publication reporting on a preliminary study of the soils 
and vegetation of the Belgian Congo. Following some general considerations of 
the possible agricultural importance and development of the area, the authors 
outline the pedogenic factors, the forests, the agricultural value of the soils, the 
regeneration of the forests, and some conclusions with respect to the cartography 
of the land. An example of the survey maps, in color, is shown. A bibliography 
of 29 references is appended, as weU as 50 excellent photographs of the soil, 
topography, and vegetation of the area. 

Laboraiory Manual for Students in Agronomy. Sixth Edition, by L. F. Graber 
AND H. L. Ahlgren. Wrn. C. Brown Company, Dubuque, Iowa, 1949. Pp. 204. 
This is a paper-bound, loose-leaf laboratory manual designed for students in 
the first course in farm crops at agricultural colleges. The beginning exercises 
deal with land utilisation in the United States, developments in population, farm 
income, livestock production, and crop distribution and acreages. The later ones 
^ve detailed consideration to com, small grains, grasses, and legumes. The il¬ 
lustrations are exceUent guides to the student, who is encouraged to think his 
way throu^ the mass of facts to a well-organized set of morphological, physi- 
olo^cal, ecological, and genetic principles that can be widely applied. A list of 
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questions is appended to each chapter, and a more extended set of practical 
farm problems completes the course. A glossary of terms is appended. The course 
is designed to have cultural as well as practical value. Instructors in farm crops 
will find material of considerable value to them in this manual, and many of 
them may decide that it meets all their needs. 

Relation of Soil Content to Human Longevity. By T. J. Brooks and T. J. Brooks 
Jr. Department of Agriculture, Tallahassee, Florida, 1949. Pp. 116. 

This is a largely a collection of comments of a great variety of men who have 
had something to say on the subject. The most interesting feature of the book is 
a diagrammatic presentation of the alimentary tract of man as a food factory. 
It is evident from the material quoted that many men of greater or lesser stand¬ 
ing as scientists have some definite ideas on this subject. The validity of many of 
the concepts, however, is extremely doubtful, and the authors do not contribute 
much toward a clarification as to what is fact and what is fancy. Nevertheless 
the pamphlet makes very interesting reading. 

Soil, Food, and Health. Edited by Jonathan Forman and 0. E. Fink. Friends 
of the Land, Columbus, Ohio, 1948. Pp. 342. Price $4.50. 

The subhead 'Tou are what you eat’’ indicates the general purpose of this 
book, which reports the proceedings of the seventh annual conference on conser¬ 
vation, nutrition, and health and some integrating essays from previous con¬ 
ferences. The topics considered include water, sewerage, forestry, soil fertility 
and health, vitamins and minerals in v^tables, genetics, nutritional needs of 
livestock, population pressures, world’s foody supply, animal agriculture, diet 
and aging, plans for the future, and grass “as the master food.” One gets the 
impression from reading this book that the authors of the papers are searching 
for truth through a maze of miscellaneous facts and fancies. The general approach 
to the problem is interesting and useful. A number of highly capable men are 
included in the list of authors. 

The Editors 

Soils, Their Physics and Chemistry. By A. N. Puri. Reinhold Publishing Corp., 
New York, 1949. Pp, 550, figs. 59. Price $7. 

This is an important book. It represents the point of view of a well-trained 
ph 3 reical chemist who has spent the greater part of his life in relative isolation 
from other workers in soil science, except by way of the printed pages of technical 
journals. The book consists largely of a record of the author’s researches in soils 
during the last 25 years. It is divided into three parts: chemistry of the soil, 
mechanical analysis of soils, and soil moisture. It contains 58 chapters. There are 
no references. Occasional mention is made of some other research worker, but 
this is only incidental to the developmmt of certain simplified concepts that are 
employed to explain all the known phenomena of the subjects with which the 
book is concerned. The book merits a wide reading and it is quite likely to get it, 
once it falls into the hands of the younger soil scientists who need this type of 
readily understood presentation of the subject as a basis for further study. 




MECHANISM OF ZINC FIXATION BY COLLOIDAL CLAYS 
AND RELATED MINERALS 

M. M. ELGABALYi 
Farouh 1 University 

Beedved for publication November 15 1943* 

Zinc is an essential element for plant growth* Some soils contain appreciable 
amounts of zinc that plants are unable to utilize* Addition of zinc compounds 
to such soils is of little benefit, for zinc becomes fixed. In thia paper the problem 
of zinc fixation is examined in the light of crystal chemistry. 

TERMINOLOGY 

Clays and many other aluminosilicates exhibit the phenomenon of ion inter¬ 
change. If they are treated with a solution containing zinc salts, Zn is adsorbed 
and held in exchangeable form. It may be displaced by neutral salts such as Kd 
or neutral ammonium acetate. 

Not all of the adsorbed zinc is replaceable. A portion is fixed in nonreplaceable 
form. In this paper the term fixed zinc denotes that amount of adsorbed zinc 
which cannot be released by leaching with neutral normal ammonium acetate. 

Clay leached with neutral normal ammonium acetate takes up NHj * After 
removal of occluded NH4-acetate with methyl alcohol, the adsorbed NHi may 
be determined by distillation with MgO. The ammoniated clay is designated as 
NH^-clay, and the amount of NE^ adsorbed (milliequivalents of NBU in 100 gm. 
air-dry clay) constitutes its cation-exchange capacity or NHi-capacity. This 
capacity is influenced by the previous treatment of the day. 

Clay leached with zinc salts becomes Zn-clay. 

Subsequent treatment with NEU-acetate converts the Zn-clay into NIL-CZn- 
clay) containing exchangeable NH4 and fixed zinc. 

TYPE OF CLAYS STXJDIEI) AND EXPERIMENTAL METHODS 

Wyoming bentonite; kaolinite from McNamee Mines, S. C.; Mg-clay from 
Hector, Cahfomia*; muscovite; biotite; talc (from W. P. Kelley’s collection); 
brucite; and venniculite all ground to pass a 100-mesh sieve, were used in this 
investigation (fig. 1). Zinc-saturated minerals were prepared by treating each 
mineral as follows: The suspensions were heated over the steam bath for 24 
hours and then leached with normal zinc acetate until completely saturated with 
zinc. Excess zinc acetate was removed with 50 per cent methyl alcohol. Ex¬ 
changeable zinc was determined by leaching varying amounts of the zinc- 

^ Assistant professor of soil science, Farouk I University, Alexandria, Egypt- The author 
wishes to express his gratitude to Hans Jenny for his valuable help and suggestions during 
the work. 

* Temporarily withdrawn, resubmitted October 4,1949. 

* Foshag, W. F., and Wooford, A. C. Bentonitic magnesium clay from California. Amer. 
Mineral.2l:23S-2U. 1930. 
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saturated minerals with about 500 ml. of neutral normal ammonium acetate. 
The leachate was analyzed for zinc by means of the polarograph. In the fused 
material, total zinc was likewise determined. 
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Fig. 1. STBUCTUBAii Representation op Some of the Minerals Studied 
Positive and negative charges are indicated in each case. After Hauser*. 


Chloride adsorption from HCI by both NEU-clay and NH 4 -(Zn-clay) was also 
studied. Furthermore, NHi-saturated Mg-clay, vermiculite, talc, and brucite 

* Hauser, E. A. Colloid chemistry in ceramics- Jour. Amer. Ceramic Soc. 24: 170-187. 
1941. 
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were analyzed for total magnesium. Zinc-saturated Mg-clay, vermiculite, talc, 
and brucite were analyzed for both total magnesium and total zinc. 

EFFECT OP ZINC TREATMENT ON NH 4 -CAPACITY AND ADSORPTION 
PROPERTIES OP MINERALS 

Pertinent information is gained by comparing the NEU-exchange capacities of 
the original and the zinc-treated minerals (table 1). The wine minerals studied 


TABLE 1 

Effect of zinc saturation on cation-exchange capacity and chloride adsorption of clays and other 

minerals 

All values are expressed as milliequivalents per 100 gm. of oven-dry material 
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* NH 4 -(Zn-mineral) denotes minerals having exchangeable NH* but nonexchangeable 
(fixed) Zn. 


fall into three distinct groups; namely, those which sustained, as a result of zinc 
adsorption, 

1. A diminution in NH 4 -capacity: bentonite, kaolinite, pyrophyllite, muscovite, and 
biotite. 

2. No significant change in NH 4 -capacity: Mg-clay, vermiculite, and brucite. 

3. Increase in NH 4 -capacity; talc. 

On theoretical grounds, any change in the NH 4 “Capacity of a given mineral 
powder is the result of variations in the amount and kind of the positive and 
negative ions that make up the particles. According to the principle of electro¬ 
static neutrality,^ this alteration must be such that the sum of the positive and 
negative valencies residing inside and on the surface of the crystal remains zero. 
It is of interest to examine, in light of this principle, the chemical changes that 
accompany zinc fixation. 

® Paulin, G. L. Nature of the Chemical Bond and the Structure of Molecules and Crys¬ 
tals. Cornell Univ. Press, Ithaca, N. Y. 1940. 
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A decrease in the NEU-adsorption capacity of a mineral results from diminu¬ 
tion of the total negative charge of its lattice. This would happen if positively 
charged ions enter the lattice, either to substitute for ions of lower valence or to 
become an integral part of the mineral without ion substitution. The cations that 
thus become incorporated within the Mtice framework would be strongly held 
and no longer available for exchange and hence are considered as being fixed by 
the clay. On this basis, the difference between total adsorbed zinc and zinc re¬ 
placeable by ammonium acetate may be considered as fixed zinc. If this fixed 
portion of zinc actually entered the lattice without substitution for other ions, 
the electrostatic neutrality principle would require that introduction of 1 milli- 
mol of divalent zinc be accompanied either by adsorption of 2 me. of anions or 
by a decrease of 2 me. of the cation-adsorption capacity. 

Table 1 diows that a fixation of 9.0 me. zinc by bentonite was accompanied by 
a decrease in the NBU-capacity of 7.5 me. per 100 gm. On the other hand, in 
kaolinite and muscovite, the amount of fixed zinc exceeded the decrease in 
NEU-capacity. To satisfy the electrostatic neutrality of the mineral, both 
kaolinite and muscovite do exhibit anion adsorption properties when pretreated 
with Zn. 


POSSIBLE POSITIONS OP FIXED ZINC IN CRYSTAL LATTICES 

Since fixed zinc is no loiter replaceable, it is possible that it has entered the 
lattice. Cavities of comparable sizes are furnished by the unoccupied holes in the 
A1 octahedral layer of the lattice. 

For an ion to enter the lattice, it is essential that there be openings through 
which the ion can move. Since ions are not rigid spheres and can assume dif¬ 
ferent configurations within certain limits, the size of the openings need not 
necessarily be equal to that of the ion. In minerals with Si-Al structural pattern, 
ons may enter the lattice through the holes produced by the distorted Al- 
octahedra on the a-b plan^. In minerals with Si-Al-Si structure, however, en¬ 
trance of the ion through the Si-O-planes seems improbable. In such a case the 
easiest way for an ion to be incorporated within the lattice is to pass through 
holes on the broken surfaces. 

The amount of zinc fixed by kaolinite was found to increase with grinding. 
Table 2 shows the amounts of exchangeable zinc, total zinc, and zinc fixed as a 
function of grinding. 

The increase in the amoimt of zinc, both adsorbed and fixed, on grinding may 
be attributed to the newly exposed surfaces. If grinding mainly causes breaks 
across the lattice, more broken surfaces would be exposed; whereas if it mainly 
riiears the x)aGkets apart, new 001 planes would be produced. In both cases zinc 
would find its way into the lattice through the newly exposed surfaces. It is to be 
noticed that kaolinite ground for 12 days has less capacity to fix zinc than that 
ground for 9 da 3 rs. This may be due to destruction of the lattice structure. 

ADSORPTION OP ZINC AS A COMPLEX ION 

Zinc was found to be adsorbed x>artly as monovalent complex ion and then 
became a part of the inner layer of the electrical double layer. This type of zinc 
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adsorption had been thoroughly discussed for bentonite clays®. Further investiga¬ 
tion of this type of zinc adsorption by other minerals seems to confirm the results 
found for bmitonite. Table 1 shows that for all minerals studied the amount of 
zinc released by ammonium acetate exceeded ions adsorbed. This had 
been explained as due to the release of some of the monovalent zinc ion. It appears 
that minerals vary greatly in their selective adsorption of the monovalent zinc 
ions and hence in the relative amounts of zinc fixed within the inner layer. Data 
at hand^ indicate that the capacity of kaolinite to adsorb monovalent zinc ex¬ 
ceeds that of bentonite. 

SUBSTITUTION OP ZINC FOR MG IN CRYSTAL LATTICES 

Table 1 shows that the minerals Mg-clay, vermiculite, and brucite do not 
change their NBU-capacity as a result of zinc treatment and that the NH 4 -(Zn- 

TABLE2 


Fixation of sine by kaolinite as influenced by time of grinding 
All values are expressed as miUiequivalents per 100 gm. oven-dry kaolinite 


MUICBZS 07 DAYS 

tOTALmre 

NHt-SXPIACEABIE ZDSC 

nXID SENC 

0 

10.2 

2.8 

7.4 

3 

29.1 

15.6 

13.5 

5 

6S.2 

28.4 

39.8 

9 

94.4 

49.1 

45.3 

12 

73.1 

50.8 

22.3 


minerals) do not possess the property of anion adsorption. They do, however 
contain large amounts of fixed zinc, greatly in excess of the original ammonium 
acetate capacities. 

These facts suggest that fixed zinc must have taken the place of ions of equal 
valency. To have a stable structure, the ion replaced by zinc should be of similar 
ionic radius. The fact that these minerals contain Mg, which has an ionic radius 
almost identical with that of zinc (Mg — 0.78 A. and Zn = 0.83 A., according to 
Goldschmidt), suggests that zinc may have taken the place of magnesium. If 
such is the case, zinc adsorption must be accompanied by an equivalent decrease 
in the magnesium content of the minerals. This is approximately the case with 
Mg-clay and talc, as indicated by table 3, which shows the Mg and Zn contents 
of the NBU- and the Zn-saturated minerals. 

In brucite no equivalence exists between zinc taken up and magnesium re¬ 
moved. This discrepancy may be explained by partial dissolution of brucite in 
aqueous zinc acetate solutions. 

The mechanism of substitution may be explained as follows: On grinding, 
cleavage is favored in places where the bond strength is weakest. In minerals 

* Elgabaly, M. M., and Jenny, H. Cation and anion interchange with zinc montmoriUon- 
ite clays. Jovr. Phys, Chem, 47:390-408.1943. 

’ Elgabaly, M. M. Mechanism of zinc adsorption and fixation by certain clay and other 
minerals. PhJ>. Thesis, Univ. of Calif., Berkeley. 1943. 
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with Si-Al-Si structures, cleavage takes place between the planes where weak 
Van der Waals forces operate. In minerals with Mg in octahedral positions the 
bond strength between each Mg and O or OH ion is relatively weak (| unit) and 
the lattice may be tom horizontally through the octahedral plane. This results in 
exposure of numerous Mg ions on the broken surfaces. These Mg ions are the ones 
replaced by zinc in the process of zinc adsorption. The fact that ammonium 
acetate replaces larger amoimts of zinc than does barium acetate is probably due 
to a dissolution effect. Similar explanation was given by Kelley and Jeimy* for 


TABLE 3 

Effect of zinc saturation on magnesium and zinc content of ground minerals 
All values are expressed as milliequivalents per 100 gm. of oven-dry mineral 


imCEKAL 

ZINC 


Mg CONTENT 


TOTAL ZINC* 

NHi-acetate 

replaceable 

Ba-acetate 

replaceable 

NHi- 

mineral 

Zn>mineral 

Decrease 

IMg-clay. 

451.0 

75.5 

1522.0 

966.0 

556.0 

577.5 

Venniculite.! 

76.0 

76.0 

1350.0 

996.0 

354.0 


Talc. 

105.4 

36.8 

1515.0 

1269.0 

246.0 


Brucite. 

996.3 

i 5.0 

3450.0 

689.0 

2761.0 

1320.0 


* Based on fusion analyds. 

TABLE 4 

Replacement of fixed zinc by MgCh 

All values are e-xpressed in milliequivalents per 100 gm. oven-dry material 


MINERAL 

ZINC CONTENT 

Mg CONTENT 

i 

Before leaching 
i with MgCls 

After leaching 
' with MgCli 

Before leaching 
with MgClz 

After leaching 
with MgCb 

Mg-clay. 

577.0 

300.0 

966.0 

1250.0 

Talc. 

240.0 

1 1S5.0 

1269.0 

1450.0 

Brucite. 

1320.0 

1285.0 

689.0 

740.0 


the leaching of Mg from talc by ammonium acetate without equivalence ad¬ 
sorption of 


HESTJBSTlTtlTlON OF FIXED ZINC BY MG 

Since Zn substitutes for Mg in minerals having Mg in octahedral position, 
the following experiment was conducted to find out whether this fixed zinc can be 
replaced by Mg. 

To 3-gm. samples of each of the Zn-saturated talc, Mg-clay, and bracite, 3 gm. 
of MgCla was added. The mixtures were placed in a platinum dish, wetted, and 
heated in the muffle to 400‘’C. for 6 hours. Biucite was heated to 125®C. only. 
Subsequently, the minerals were leached with N MgCfe until no zinc could be 

* Kelley, W. P., and Jenny, H. The relation of crystal structure to base exchange and 
its bearing on base-exchange capacities in soils. Soil. Sci. 41:367-382.1936. 
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detected in the leachate. Excess MgCU was then removed with 95 per cent methyl 
alcohol. Zn and Mg were determined both in the leachate and in the leached 
minerals. The results are shown in table 4. 

It is evident that zinc fixed by the clay mineral cannot be replaced wholly by 
Mg. In other words, the reaction is not entirely reversible for the treatment used 
in this experiment. 

AGmCIJLTUBAL SIGNIFICANCE OF THE PROBLEM 

It is often mentioned in the literature that the availability of the minor ele¬ 
ments for plants depends greatly upon the pH of the growth medium. Deficiency 
symptoms are attributed often to high pH values, which cause precipitation 
of ions in forms not readily available to plants. Though this may offer an ex¬ 
planation in many cases, the present study suggests additional possibilities. The 
fact that zinc can substitute for magnesium in minerals with Mg in octahedreaJ 
coordination makes it rather difficult for the plants to get their zinc requirements. 
Moreover, small additions of zinc to such soils may give little or no response. 
Likewise manganese and copper would be expected to behave in a way similar 
to zinc under comparable conditions. Such postulations, however, must await 
further experimentations. 


SUMMARY AND CONCLUSIONS 

Zinc adsorption was studied with various minerals of known crystal structure. 
A fraction of the adsorbed zinc was found to be nonexchangeable with ammonium 
acetate and is considered as being fixed by the mineral. 

In minerals with A1 in octahedral arrangement, zinc is thought to be fixed in 
the holes not occupied by A1 ions. This type of fixation is accompanied by a 
decrease in the cation-adsorption capacity and an increase in the anion-adsorp¬ 
tion of the mineral. 

In minerals with Mg in octahedral positions zinc substitutes for Mg. This 
process does not affect the adsorption properties of the mineral. 

Some of the zinc adsorbed on the surface (complex monovalent form) may 
enter the inner layer of the electrical double layer, where it cannot be exchanged 
with neutral inorganic salts. 

Magnesium cannot completely replace all the zinc taken up by the minerals. 

The aforementioned facts suggest that soils containing clays with low Si/Mg 
ratios may fix zinc in forms not readily available to plants. 
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The role of earthworms in the soil has been studied for at least a hundred 
yesLYS, and volumes have been written about the physical and chemical trans- 
foimations for which they are responsible or are thought to be responsible. 
There are also numerous references in the literature stating or assuming a belief 
in an influence of earthworms on soil microflora. Usually, these references have 
reported only observations on the microflora of soils in which earthworms were 
present or absent, without establishing any causal relationship. 

It has been a matter of common observation that nitrification is more active 
in worm-inhabited than in other soils (3, 5, 6, 9, 10, 12, 13, 14, 15, 17, 20, 22). 
This phenomenon has been severally attributed to heightened soil aeration (3), 
to alkaline fluids in the digestive tracts of the worms (5), to the decomposition 
of the bodies of dead earthw'onns (21), and to a higher nitrogen level w^here a 
predominantly fungal population is controlled by faunal feeding (19). 

There is less information concerning changes in soil microflora which may take 
place in the digestive tract of an earthw^orm. Bassalik (2) isolated more than 
50 species of bacteria from the alimentarj" canal of Lumhricus terrestris L. and 
could find no qualitative difference in the bacterial flora of the soil from w’-hich 
the w’oims came, of the gizzard, of intestinal contents, and of feces. L’nfor- 
tunately, Bassalik’s w ork was hardly quantitative. Aichberger (1) filled in the 
details for the larger organisms. He rbseiv^ed that the crops, gizzards, and in¬ 
testines of earthw’onns contained extraordinarily few’ larger organisms not 
possessing firm outer coats. No desmids, diatoms, blue-green algae, yeasts, 
rhizopods, or other organisms w’ere found alive. Stockli (23) show’ed that virtually 
all the species and physiological groups sought w’ere present in greater numbers 
in earthw'Onn castings than in soil. He likewise showed that bacterial numbers 
in castings increased for 5 days after the castings w’ere voided. Though Stockli’s 
w’ork shed much light on the changes wrhich may be expected to take place in 
soil, he admitted that he did not distinguish betw’een the direct effect of the 
w’oiin’s digestive tract and that of w’orm-induced physical changes in the soil 
on bacterial flora. It also appears likely from the description of his sampling 
method that the soil used for comparison was not identical with that from w’hich 
the castings w’ere formed. Apparently, further progress requires quantitative 
comparison of the flora in the soil w’hich is ingested by the w’orm and that in 
the fresh excrement w’hich is derived from this soil. The experiments reported 
in this paper w’ere undertaken to pro\ide some information of this kmd. 

^ Paper of the Journal Series, New Jersey Agricultural Experiment Station, Rutgers 
University—the State Uni\’ersity of New Jersey, department of microbiology. 
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EXPERIMENTAL 

Total numbers of microorganisms in soil and in castings 

In order that experimental results might be assigned to definite species, each 
worm was tested separately, then killed and identified. In some cases, the clitel- 
lum w'as lacking throughout the entire period of obsei^’^ation, m akin g positive 



Fig 1 Fig. 2 


Fig. 1. Lumhricus terrestris L. 

Fig. 2. Anteriob end of digestive tract of L. terrestris 


identification impossible, but all specimens were believed to be L. terrestris L. 

(fig. 1). 

Each worm w’as taken from a common storage pot, and all soil clinging to it 
was carefully washed off with tap water. To replace the soil in its intestine, 
it was placed, for at least 24 hours, in a pot of the soil to be tested. As the soils 
of the storage pots and of the test pots were of different colors, the color of cast- 
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ings beii^ voided showed when the replacement was complete. Another pot of 
the test soil was then tamped jfirmly enough to prevent the earthworm from mak¬ 
ing a burrow merely by nosing its way between the particles. The worm was 
placed in the pot and, as it was forced to eat its way into the soil, castings were 
voided and left on the surface where they could be collected easily. These cast¬ 
ings were collected as soon as possible, weighed, diluted by a series of water 
blanks, and used for the inoculation of plates or fla^ of liquid media. 

Ten grams of the soil in the test pot was weighed out, diluted in the same 
manner, and inoculated at the same time into plates or flasks of media. The soil 
of the pot from the surface of which the castings were collected was used for 
comparison. This was done to avoid the possibility that the flora of the transfer 
pot might have been more or less altered by the worm inhabiting it for 1 to 3 
days and bringing to it an alimentary canal charged with a different kind of soil. 
Results are shown in tables 1,2, and 3. The figures do not represent replications 
but repetitions with samples collected at different times. 

Species and groups of bacteria in soil and in castings 

The failure of earthworms to exert on total populations an influence that was 
constant in either direction or degree, pointed clearly to a study of their effects 
upon definite groups of bacteria as the logical next step. For their study three 
groups were selected: (a) the nitrifying bacteria—ammonia oxidizers and nitrite 
oxidizers separately—^because of their importance in soil and because of the often- 
reported superiority of earthworm castings or of mull humus layers in nitrate 
content; (i) Serratia marcescens as a representative of the gram-negative non- 
spore-fonning bacteria; (c) Bacillus cereus var. mycoides as a representative of 
the spore-formii^ bacteria. The procedure used for comparing the numbers of 
nitrifying bacteria in soil and in castings was as follows: Soil and fresh castings 
formed from that soil were diluted from 1 in 10 to 1 in 200,000, and 1 ml. of each 
dilution was used as inoculum for 50 ml. of a modified Winogradsky (NH 4 ) 2 S 04 
or NaN02 medium (8) in liter Erlenmeyer flasks. After 3 weeks of incubation, 
each flask was tested weekly with Trommsdorf reagent (7) for the formation of 
nitrates and with brucine, after removal of the nitrites by boiling with sulfanilic 
acid, for the formation of nitrates. Contrary to the testimony of Lunge and Lwoff 
(16), a positive brucine test was obtained with the NaNOj medium used. The 
nitrate test was checked with sulfanilic acid and alpha-naphthylamine. Seven 
or eight weeks usually elapsed before it was apparent that nitrites or nitrates 
would not form in any higher dilution. By repetition it was possible to narrow 
the range of dilutions until the point of extinction was rather clpsely approxi¬ 
mated. Only the final series are reported in table 4. 

S. marcescens and R. cereus mycoides were studied by comparing castings with 
soils which had been heavily inoculated with these organisms. A soil was first 
moistened and mixed; then a cupful was poured into each of three pots. To one 
pot was added 5 to 15 ml. of a liquid culture of the organism to be tested; an 
equal amount of sterile water was added to the others; and all were thoroughly 
mixed with a spatula. A worm was left in the inoculated soil for 24 to 72 hours. 
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TABLE 1 

Number of bacteria in soil and in castings of earthworms 


inoculttu 

UEDIDH 

XO. or PLATES 

coloxdes/gu. 

DXPPEBENCE IN 
son. POPULATION 



HIIIIIIH 

thousca/ids 

percent 

Sassafras loam 

Castings 

Albumin agar 

^9 

39,110 

44,820 

-1-14.65 

Sassafras loam 

Albumin agar 

18 

17,890 


Castings 


18 

9,500 

-46.90 

Sassafras loam 

Albumin agar 

17 

12,880 


Castings 


17 

3,650 


Sassafras loam 

Albumin agar 

19 

5,740 


Castings 


17 

9,000 

+56.80 

Sassafras loam 

Albtimin agar 

i 

22,560 


Castings 


15 

92,670 

+310.77 

Penn silt loam 

Albumin agar 

17 

18,820 


Castings 


12 

1 

35,670 

+90.38 

Penn silt loam ' 

Albumin agar 



[ 

Castings 




-25.47 

Penn silt loam 

Albumin agar 

1 

16 

1,350 


Castings 

1 

17 

5,940 

+340.00 

1 

Penn silt loam 

Albumin agar 




Castings 




+254.29 

Sassafras loam 

Dextrose-free albumin 
agar 

20 

34,500 


Castings 


20 

2,650 

-92.32 

Sassafras loam 

Dextrose-free albumin 
agar 

20 

41,300 


Castings 


20 

i 

5,500 

-86.68 

Penn silt loam 

Dextrose-free albumin 
agar 

IS 

55,610 


Castings 

! 

1 

i 

20 

57,250 
’ 1 

+2.95 

'*^enn silt loam 

Dextrose-free albumin 
agar 

20 

59,450 


Castings 


20 

15,200 

-74.43 


The soil in one of the remaining pots •was firmed and the worm transferred to it 
from the pot of inoculated soil. Castings were collected and plated out simul¬ 
taneously •nith soil from the inoculated pot and soil from the vminoculated pot. 

































Number of actinomycetes in soil and in castings of earthvjorms 


NO. or rZATES 


XUFSESSNCEIN 
son. FOFCLAXEON 


Sassafras loam 
Castings 


Sassafras loam 
Castings 


Sassafras loam 
Castings 


Sassafras loam 
Castings 


Sassafras loam 
Castings 


Penn silt loam 
Castings 


Penn silt loam 
Castings 


Penn silt loam 
Castings 


Sassafras loam 
Castings 


Sassafras loam 
Castings 


Sassafras loam 
Castings 


Albumin agar 


Albumin agar 


Albumin agar 


Albumin agar 


Albumin agar 


Albumin agar 


Albumin agar 


Albumin agar 



Dextrose-free albumin' 
agar 


Dextrose-free albumin 
agar 


Dextrose-free albumin! 
agar 


thousands 

220 

230 


per cetU 

+0.45 





+284.61 



+4.25 


-25.53 



far 16 

4,060 


13 

5,460 

+34.48 


Penn silt loam | 

Dextrose-free albumin 

19 j 

2,210 1 


Castings 

agar ! 

1 

1 

20 1 

1,950 

-26.70 

Penn silt loam 

Dextrose-free albumin j 

IS 

j i ,3o0 


Castings 

agar 

i 

1 

20 

1 8,700 

+18.36 

Penn silt loam 

1 

Dextrose-free albumini 

20 

7,200 


Castings 

agar 

20 

8,300 

+15.28 

Sassafras loam 
Castings 

Krainsky agar 

30 

30 

1 613 

1 263 

-57.72 
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jB. cerefOB mycoides was counted on plates of nutrient agar and S. Tnarcescem on 
plates of nutrient agar with added traces of ferric and magnesiura sulfates for 
pigment production, with the results shown in tables 5 and 6, 

Disappearance of S. marcescens in the digestive tract 

Because S, marcescens was completely extinguished in the digestive tract, it 
seemed reasonable to suppose that, diould the place of its disappearance be 

TABLE 3 


Number of fungi in soil and in castings of earthworms 


mocuvsu 

3IXDXUV 

KO. as KATES 

COLOMIES/OIC. 

DZTZESXNOE JN 
SQzz. pqfchaiion 

Sassafras loam 

Fungus agar 

n 

29,780 

per cent 

Castiiigs 


■■ 

10,200 

-66.75 

Penn silt loam 

Fungus agar 

10 



Castiiigs 


10 


-16.00 

Sassafras loam 

Fungus agar 

10 

8,200 1 


Castings 


10 

7,400 ! 

-9.76 

Penn silt loam 

Fungus agar 

10 

45,800 


Castings 


10 

44,200 

-3.49 


TABLE 4 

Formation of nitrites and nitrates by soil and by castings 


INOCDTinC 

ilU.L;XIUM JfUJUUMU 
SOTSllE 

K«1IING KITSITE 

i iiu.uxi.u£4 injiuur<u 
ZOTSATE 

UXJ.UX1UM MUX 

TOK1IX27G NTISATE 

Sassafras loam 
Castings 

1 in 100 

1 in 10 

1 in 1,000 

1 in 100 

1 in 100 

1 in 1,000 

lin 1,000 

1 in 10,000 

Penn silt loam 
Castings 

1 

linSOO 

1 in 500 

1 in 1,000 

1 in 1,000 

1 in 100 
lin 100 

lin 200 
lin 200 

Penn silt loam 
Castings 

1 in 900 

1 in 800 

1 in 1,000 

1 in 900 

lm200 

1 in 400 

lin 300 
lin 500 


located, the reason might be tentatively deduced from a knowledge of the func¬ 
tion of the different parts of the tract. The pharynx, the crop, the anterior end 
of the intestine, and the posterior end of the intestine were selected as strategic 
points for examining the duct and its contents. The pharynx was chosen to de¬ 
tect the earliest effects of the pharyngeal secretion; the crop, to detect changes 
that mi^t take place after a longer exposure to the action of the pharyngeal 
secretion; the upper intestine, to pick up the influence of the gizzard and of pro¬ 
longed confinement in the digestive tract; and the lower intestine, to show the 
added effect of all the intestinal enzymes. 
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Both fresh material and material held for a time in moist sterile vials were ex¬ 
amined. Stored samples were included for two reasons: first, to determine whether 
the disappearance of S. marcescens at a given point was the result of something 
secreted at that point or the result of the continued action of a secretion originat- 

TABLE 5 


Nurrib&r of mycoidea colonies in soil, in inoculated soil, and in castings, developing on nutrient 

agar 


INOCULT7U 

KO. or PIATES 

COLONIX8/GU. 

DimRXNCE m IMDCCr- 
IATEX> son. POFUIAXIOV 

Sassafras loam. 

1 10 

thousands 

0 

per cent 

Inoc. sassafras loam. 

10 

400 


Castings. 

10 

300 

-25.00 


Sassafras loam. 

30 

3.50 


Inoc. sassafras loam. 

30 

300 


Castings. 

30 

115* 

-61.67 


Penn silt loam. 

30 

115 


Inoc. Penn silt loam. 

30 

1,600 

1,500 j 


Castings. 

30 

-6.25 



* This soil was also plated out 19 days later, and about 10 million colonies/gm. were 
found. Hence, the decrease in the castings was not due to dying out of the inoculum. 


TABLE 6 

Number oj Serraiia colonies in soil, in inoculated soil, and in castings, developing on nutrient 

agar 


INOCUIOK 

NO. or riATES 

COIONXBS/OIC. 

Sassafras loam. 

10 

thousands 

0 

Inoc. sassafras loam. 

5 

4,600 

0 

Castings. 

5 




Sassafras loam. 

10 

0 

Inoc. sassafras loam. 

10 

5,100 

0 

Castings. 

10 



Sassafras loam.1 

50 

0 

Inoc. sassafras loam. 

50 

6,750 

0 

Castings. 

50 




ing at a more anterior point; second, to bring out, by multiplication in dead tis¬ 
sue, the presence of S. marcescem where numbers might be too small to be de¬ 
tected by the same procedure in fresh material. 

Worms were left for 3 days in a pot of soil that had been inoculated with S. 
marcescens and gave about 12 to 16 million Serratia colonies per gram on nutrient 
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agar plates. Upon removal, the worms were washed in tap water and placed, 
one at a time, in a Petri dish containing enough 30 per cent ethyl alcohol to cover 
them. As soon as each worm was dead, it was removed from the alcohol, iden¬ 
tified, and opened down the middorsal line to expose the digestive tract (fig. 2). 
The pharynx, the crop, a section of intestine just behind the gizzard, and a sec¬ 
tion just ahead of the anus were removed and quickly placed in separate, sterile 
vials containing a few drops of moisture on the bottom. Each organ or segment 
was then macerated and the contents were squeezed out with sterile forceps. 
The vials were plugged with cotton and held in a covered water bath. Dilutions 
of the resulting pulp were made by transferring two loopfuls into water blanks, 
which were further diluted. As inocula for plates of nutrient agar with added 
ferric and magnesium sulfates, 1 ml. portions of selected dilutions were used. 
Similar dilutions were made after 24 and 48 hours, and all plates were examined 
for the presence of S. marcescens after 4 or 5 days. 

TABLE 7 


Number of S. marsescens colonies in undiluted pharyngeal and crop contents of earthworms 


INOCaLUM 

PLATE NO. 

1 

2 

3 

4 

s 

Worm 1, pharynx. 

3 

3 

2 

2 

2 

Worm 1, crop. 

0 

1 

2 

0 

0 

Worm 2, pharynx. 

0 

1 

0 

1 

0 

Worm 2, crop. 

0 

0 

0 

0 

0 

Worm 3, pharynx. 

0 

0 

0 

2 

0 

Worm 3, crop. 

0 

0 

0 

0 

0 


Plates inoculated with fresh material showed few colonies from the pharynx 
and crop, numerous colonies from the upper and lower intestine, and no Serratia 
at any point. After storage for 24 hours, numerous colonies developed from all 
four parts of the digestive tract; S- marcescens colonies appeared from pharynx 
inocula but not from crop or intestine. Three repetitions with different worms 
gave identical results. The repeated development of S. marcescens in the pharynx 
during storage of the dead tissue suggested that its presence might be uncovered 
in fresh material if sufficiently low dilutions were used. Accordingly, the experi¬ 
ment was repeated with three worms, five plates being streaked directly with a 
platinum loop which had been inserted into the cavity of the pharymx or crop. 
The crops of aU three worms were filled and distended with soil, whereas the 
pharynx appeared to be empty. The growth on the plates (table 7) proved that 
iS. marcescens was present in the pharynx in small numbers, in spite of its appar¬ 
ent lack of contents, but S. marcescens could not be demonstrated in the soil- 
filled crop in two out of three cases. 

DISCUSSION 

The results on total numbers obtained from fresh castings do not confirm 
Heymons’ (11) designation of the worm intestme as a breeding place for bacteria 













EARTHWOBMS AND SOIL MICROORGANISMS 


183 


generally. It is obvious that, though striking increases and decreases take place 
in some instances, L. terrestris does not exert any consistent influence on the total 
population of soil while it is in the worm. Different soils and the same soil at 
different times might be expected to contain different proportions of resistant 
and susceptible groups of bacteria. The findings on nitrifying bacteria in no way 
contradict the belief, so often stated since Keller, that nitrification is especially 
strong in earthworm excreta. They indicate rather that such nitrification as 
occurs must be due to the environment of the castings rather than to any in¬ 
crease in nitrifying bacteria within the worm. 

The fact that S, marcescens died out completely in the digestive tract cannot 
be used as a basis for generalizing about gram-negative, non-spore-forming 
bacteria. Still it would be strange if some other species do not behave in the same 
way. On the other hand, finding gram-negative, non-spore-forming bacteria 
in excreta would not be evidence that they were soil organisms which had passed 
through the digestive system and retained viability. Although Bassalik isolated 
numerous organisms from the earthworm intestine, there is no proof of an in¬ 
digenous intestinal flora for L. terrestris. Yet it is reasonable to suppose that one 
exists, and these organisms would naturally appear in the excreta. 

The manner in which B. cereus mycoides persists, but in generally reduced 
numbers, permits one to surmise that more or less destruction of vegetative cells 
may take place while spores survive. 

In four out of five worms, S. marcescens cells were killed at some point anterior 
to the crop; in all five worms, destruction took place before the ingested soil 
reached the upper end of the intestine. This suggests that the killing agent may 
be the secretion of the pharyngeal glands actmg during the short time it takes 
soil to pass from the pharynx to the crop. It would be just as reasonable from 
these findings to postulate a killing agent in the esophagus or in the crop, but no 
digestive secretions have been demonstrated for these organs. Robertson (18) 
showed the secretions of the calciferous glands to be inactive in neutralization, 
and the crop is regarded generally as a mere storage organ. 

SUMMARY AND CONCLUSIONS 

The total numbers of bacteria, actinomycetes, and fungi are not consistently 
greater or less in fresh castings of L. terrestris than in soil. 

Nitrifying bacteria do not imdergo any important increase or decrease while 
passing through the earthworm. 

jB. c&reus mycoides undergoes some reduction of numbers in the earthworm. 

S. marcescens is killed out completely, apparently by the action of the pharyn¬ 
geal secretion. 


REFERENCES 

(1) Aichberger, R. von 1914 Untersuchimgen fiber die Emahrung des Regenwiirmes. 

Die KUiv/welt; ZUchr. Dent. Mihrolog. Geaell. 6:63-58,69-72, 

(2) Bassalik, K. 1913 tlber Silikatzersetzung durch Bodenbakterien. Ztschr. G&rung- 

physiol, 2:1-32. 

(3) Blanck, E., and Gibsbckb, F. 1924 tJber den Einfluss der Regenwurmer auf die 



184 


GORDON M. DAT 


physikalischen und biologischen Eigenschaften des Bodens. Ztachr. Pflame- 
nem&hr,^ Ddngung, ^6. Bodenk, 3(B): 198-210. 

(4) Dawson, R. C. 1948 Earthworm microbiology and the formation of water-stable 

soil aggregates. Soil Sci. Soc. Amer. Proc. (1947) 12: 512-^516. 

(5) Dusbbbd,C. 1902 tTberdieEinwirkungder Regenwiirmer auf diechemischeZusam- 

mensetzung des Bodens. Landw. Jahrb. Schweiz 16:75-78. 

(6) Falck, R. 1923 Denkschrift die dungerbewohnenden Fadenpilze und die Entste- 

hung der Kohlens§.ure tind SalpetersEure dissimilierenden Humussubstanzen 
betreffend. Mykol, Untersuch. u- Ber. 2: 11-23. 

(7) Frbd,E.B,,andWab:sman,S.A. 1928 Laboratory Manual of General Microbiology. 

New York. 

(8) Gibbs, W. M. 1919 The isolation and study of nitrifsdng bacteria. Soil Sci, 8: 427- 

482. 

(9) Hbssblman, H. 1917 Studier Over salpeterbildningen i naturliga jordm&ner och 

dess betydelse i vaxtekologiskt avseende. Meddel, Statens Skogsfdrsdksanst, 14: 
297-628 (German r4sum4). 

(10) Hesseiman, H. 1937 Om humiist&ckets beroende av bestSndets §.lder och sanciman- 

sfittning i den nordiska granskogen av bl&b&rsrik Vaccinium-typ och des inverkan 
p& skogens fdryngring och tillv&xt. Meddel. Statens Skogsfdrsdksanst. 30: 529- 
716 (German r4sum4). 

(11) Heymons, R. 1923 Der Einfluss der Regenwurmer auf Beschaffenheit und Ertrags- 

ffihigkeit des Bodens. Ztschr. Pflanzenemdkr. DUngung. u. Bodenk. 2(A); 97-129. 

(12) Hohl, J. 1904 tJher landwirtschaftlich wichtige Bodenbakterien. Landw. Jakr. 

Schweiz 18: 428-454. 

(13) Kelleb, C. 1893 Die Tierwelt in der Landwirtschaft. Leipzig. 

(14) LEiNiNGBN-WESTBRBtiBa, W. OBAF zu 1929 Forstwirtschaftliche Bodenbearbei- 

tung, DOngung und Einwirkung der Waldvegetation auf den Boden. Blanck’s 
Handhuch der BodenUhre 9: 348-496. 

(15) Lindquist, B. 1941 Investigations of the importance of some Scandinavian earth¬ 

worms for the decomposition of broadleaf litter and for the structure of mull. 
Svenska Skogsvdrdsfdr. Tidskr. 39: 179-242. (In Swedish, German summary. 
Abstract in Biol. Ahs. D16: 6272.) 

(16) Lunge, G. , and Lwoff, A. 1894 Nachweisung und Bestimmung sehr kleiner Mengen 

von Stickstoffsauren. Ztschr. Angew. Chem. 12: 345-350. 

(17) Obst, E,, Bbuning, K., and Machatschbk, F. 1930 Das Land. Supan’s GrundzUge 

der physischen Erdkunde 2 (1), 

(18) Robebtson, J. 1936 The function of the calciferous glands of earthworms. Jour. 

Exp. Biol. 13: 279-297. 

(19) Romell, L. G. 1935 Ecological problems of the humus layer in the forest. N. Y. 

(Cornell) Agr. Exp. Sta. Mem. 170. 

(20) Romell, L. G., and Hbibbbg, S. O. 1931 Types of humus layer in the forests of 

northeastern United States. Ecology 12: 567-608. 

(21) Russell, E. J. 1910 The effect of earthworms on soil productiveness. Jour. Agr. 

Sci. 2: 245-257. 

(22) Stbwabt, G. R. 1933 A study of soil changes associated with the transition from 

fertile hardwood forest land to pasture types of decreasing fertility. Ecol. Monog. 
3:107-145. 

(23) StOckli, a. 1928 Studien hber den Einfluss des Regenwurms auf die Beschafifenheit 

des Bodens. Landw. Jahr. Schweiz 42:1-121. 



EFFECTS OF AUTOCLAVINGS UPON THE 10-YEAR OUTGO 
OP NUTRIENTS FROM CUMBERLAND SILT LOAM 

W. H. MAoINTmE, W. M. SHAW, and B. ROBINSON 
The University of Tennessee AgricvMural Experiment Station 
Received for publio&tion August 15,1947 

The results of heat treatments of soil upon seed germination and plant growth 
have been reported by a number of investigators since 1907 (1, 5, 6,9,10,11,12, 
13, 14). 

In 1912, Schreiner and Lathrop (15) reported upon the chemistry of steam- 
heated soils, with particular reference to the development of organics, such as 
dihydroxystearic acid. The effects of heat treatments upon the forms and ex- 
tractability of manganese in soil were studied by Kelly and McGeorge (7), 
Conner (2), McCool (8), and by Fujimoto and Sherman (3, 4). 

The primary objective of steaming beds for tobacco seeding has been to di- 
miniah effects of fungi and to kill weed seeds. In some instances, however, in 
the foregoing citations, heat treatment were found to have induced favorable 
chemical and biochemical transitions, as measured through extractions, whereas 
opposite effects resulted in other cases. So far as known to the authors of this 
paper, the early and the protracted effects of single and successive steamings 
upon dissolubility of soil nutrients have not been determined througji the leach¬ 
ing action of rain water over a period of years. The findings reported here were 
obtained through a 10-year lysimeter study, in which theleachability of the cat¬ 
ions and anions served to register the effects of various autoclavings of a soil 
that is used extensively in obtaining seedlings of Burley tobacco in Eastern 
Tennessee. It was assumed that an autoclaving would be the equivalent of a 
thorough steaming that would be imposed in practice. 

EXPERIIOiNTAL METHODS 

The soil used was Cumberland silt loam. It had been limestoned a year pre¬ 
viously and had been m bluegrass pasture for at least 30 years. Hence, it had 
acquired a good supply of organic matter and substantial fractions of its contents 
of Ca, Mg, K, and possibly Na, were expected to be in an exchangeable state. 
Partial analysis of the untreated soil showed N, S, carbonate-COa, CaO, and 
MgO contents of 0.124, 0.025, 0.190, 0.635, and 0.504 per cent respectively; 
pH 7.7; and exchangeable Ca, Mg, K, and Na contents of 9.42, 2.10, 0.18, and 
0.15 me. per 100 gm, respectively. 

The over-all bulk of well-mixed soil was screened, while in good condition as 
to moisture content, and then was divided into 100-pound portions, moisture- 
free basis. The several portions then were subjected to the following autoclavings, 
each of which was of 1-hour duration at 20-poimd build-up pressure after the 
charge had been brought to the critical temperature: 

No autoclaving: nine annual workings of soil. 

Single autoclaving: nine annual workings of soil. 
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Two successive annual autoclavings: nine annual workings of soil. 

Three successive annual autoclavings: nine annual workings of soil. 

Three autoclavings at 1-day intervals: soil undisturbed throughout 10 years. 

No autoclaving: soil undisturbed throughout 10 years. 

Each 100-pound charge of autoclaved sod and of the unsteamed controls 
was placed in a 1/20,000-acre imbedded lysimeter and exposed to rain-water 
leachings by the 10 annual precipitations recorded in chronological order in the 
footnote to table 2. A definite fraction of every periodic collection of the leachings 
from every lysimeter was reserved to provide a composite for analysis. The vol¬ 
umes of the leachings from each lysimeter and quantities of nutrents leached 
per annum, and as 10-year totals, are given in tables 2 and 3. 

TABLE 1 

Ovigo of nitrogen in ammoniacal, albuminoid, and nitraie forms from autoclaved soils during 

the initial year* 


FOUNDS N FEH 2,000,000 FOUNDS OF SOIL 


AUTOCLAVINGS 

Ammoniacal 

Albmnmoid 

Nitrate 


First Leachingt 

Total 



First Leachingt 

Total 

None 

0.41 

0.52 

0.41 

0.62 

87.5 

137.1 

One 

0.51 

0.69 

2.83 

3.19 

118.6 

158.3 

Two* 

0.53 

0.72 

2.72 

3.10 

116.0 


Three* 

0.51 

0.78 

2.59 

3.03 

104.7 

128.9 

ThreeJ 

1.19 

1.60 

4.74 

6.85 

100.8 

121.7 

None 

0.22 

0.33 

0.44 

0.66 

76.0 

115.6 


* Annual rainfall of 35.7 inches; average leaching, 14.4 inches, or 40.3 per cent of rainfall, 
t All leachings from the steamed soils were yellowish. 

^ Successive years, 
t On successive days. 


LEACHINGS 

Nitrogen outgo 

During the initial year all of the periodically collected leachings were analyzed 
for their contents of nitrogen in ammoniacal, albuminoid, nitrite, and nitrate 
forms. The respective quantities in the first leachings and totals for all of the 
leachings collected throughout the initial year are given in table 1. During the 
first year every collection from every autoclaved soil was yellowish brown, be¬ 
cause of dissolved organic matter. The outgo in each of the forms reported was 
carried chiefly by the initial leachings that occurred between placement, July 
31, and December 18. In every instance, however, nitrites were virtually absent. 
The leachings obtained during the second year were colorless and were found 
to be devoid of nitrogen in forms other than nitrate. 

Although the initial leachings of nitrates were decidedly greater from the 
autoclaved soils than from the untreated soils, the first-year totals were not very 
different. 
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TABLE 2 


The 10-year effects of single and replicated autoclavings of Cumberland silt Zoam, as registered 
by rain water teachings of nitrates and sulfates 


YEAS 

NO. SX3CAMZNG, 
ANNUAL 
W0KB3NG 

SZNOLB 

STEAMZNO, 

ANNUAL 

WOSEING 

TWO ANNUAL 
STEAMINGS, 
ANNUAL 

womNG 

THEEE ANNUAL 
STEAMINGS, 
ANNUAL 
WOEEINO 

THTygy. daily 
STEAMINOS, 
UNDZSTUSBED 

TtT HypTgAimrP 

NO STEAMING, 
UNDISTITEBSD 

Liters leached per lysimeter 



1st. 

70.3 

72.9 

75.2 

72.6 

77.0 

75.3 

2nd. 

128.7 

143.7 

158.5 

152.8 

151.3 

140.9 

3rd. 

148.2 

153.2 

161.1 

159.5 

158.4 

159.0 

4th. 

74.0 

77.5 

82.1 

82.5 

75.9 

74.9 

6th. 

140.6 

147.4 

158.5 

155.0 

141.2 

148.5 

6th. 

167.7 

168.0 

173.2 

169.2 

164.9 

169.7 

7th. 

110.0 

108.9 

118.2 

114.5 

113.1 

116.4 

8th. 

133.0 

136.4 

147.0 

142.0 

139.0 

143.6 

9th. 

165.3 

159.3 

165.5 

162.4 

165.8 

166.5 

10th. 

72.4 

67.1 

75.7 

73.8 

72.1 

73.5 

Total.... 



1315.0 

1284.0 

1259.0 

1 

1268.0 


Nitrogen leached—pounds of N per acre* 


1st. 

137 

158 

140 

129 

122 

116 

2nd. 

123 

120 

148 

137 

105 

97 

3rd. 

87 

72 

78 

90 

45 

60 

4th. 

62 

60 

48 

56 

57 

83 

5th. 

47 

49 

47 

36 

53 

60 

6th. 

58 

44 

49 

38 

52 

59 

7th. 

43 

37 

43 

32 

39 

40 

8th. 

28 

29 

28 

29 

33 

30 

9th. 

20 

26 

25 

29 

29 

24 

loth. 

23 

24 

21 

20 

23 

14 

Total. 

628 

619 

627 

596 

558 1 

590 


Sulfur leached—pounds of SOz per acre* 


1st. 

143 

176 

181 

174 

200 

138t 

2nd. 

139 

191 

175 

174 

131 

129 

3rd. 

106 

137 

114 

123 

96 

95 

4th. 

101 

107 

93 

104 

90 

108 

5th. 

107 

100 

94 

93 

116 

111 

6th. 

115 

109 

108 

104 

116 

109 

7th. 

94 

92 

98 

95 

91 

93 

8th. 

104 

109 

97 

101 

IC^ 

96 

9th. 

88 

107 

101 

106 

105 

98 

10th. 

116 

101 

96 

98 

95 

92 

Total.... 

1,113 

1,229 

1,157 

1,172 

1,144 

1,069 


* Pounds per 2,000,000 poiinds of soil, 
t Total increment of 1,115 pounds through rain waters. 

Successive annual rainfall, inches: 35.7,58.3,55.95,50.61,58.30,48.50,63.58,56.30,34.18, 
48.03, total 509.45. 
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TABLE 3 


The 10~year effects of a single and replicated autoclavings of Cumberland silt loam as registered 
by rain-water leachings of calcium, magnesium, and potassium 



NO STBAMZNO, 
ANNOAX 
wnpirrvA 

SINGUE 

TVtrO A23NUAL 

IBXSX ANNUAL 

THEBE DAI£y 


rsASi 

SlEAMINO, 

8XEAMZNGS, 

STEAMINGS, 

STEAMINGS, 

NO 8TBAMINO, 

ANNUAL 

ANNUAL 

ANNUAL 

UNDISTUSBXD 

UNDISXUBBED 



WOSEING 

WOSEZNO 

WOSKING 

THEBEATTEE 



Calcium leached—pounds CaCOz per acre*t 


1st. 

m 

974 

1,000 

950 

1,018 

923 

2nd. 


1,194 

1,391 

1,266 

1,169 

1,124 

3rd. 

1,080 

983 

1,009 

1,185 

863 

1,041 

4th. 

582 

592 

537 

565 

553 

661 

5th. 

832 

749 

799 

727 

798 

892 

6th. 

793 

753 

811 

730 

792 

857 

7th. 

626 

543 

618 

557 

613 

626 

8th. 

776 

674 

760 

683 

687 

703 

9th. 

695 

658 

644 

649 

656 

688 

10th. 

486 

443 

430 

426 

425 

401 

Total.... 

7,893 

7,563 

7,999 

7,738 

7,564 

7,916 


Magnesium leached—pounds MgCO% per acre*t 


1st. 

81 

52 

54 

61 

45 

81 

2nd. 

75 

64 

64 

54 

64 

86 

3rd. 

78 

59 

57 

50 

47 

78 

4th. 

39 

29 

25 

23 

25 

41 

5th. 

51 

54 

60 

46 

46 

66 

6th. 

62 

52 

51 

48 

52 

64 

7th. 

38 

28 

33 

25 

31 

37 

8th. 

52 

41 

50 

42 

42 

47 

9th. .. 

62 

53 

51 

47 

51 

56 

loth. 

38 

30 

30 

28 

28 

29 

Total.... 

576 

462 

476 

414 

431 

585 


Potassium leached—pounds K per acre*% 


1st. 

12 

20 


23 

18 

10 

2nd. 

4 

11 


15 

16 

16 

3rd. 

5 

10 


11 

11 

4 

4th. 

2 

4 

5 

6 

5 

2 

5th. 

3 

9 

13 

11 

11 

5 

6th. 

4 

7 

8 

8 

10 

6 

7th. 

2 

6 

6 

6 

6 

3 

8th. 

5 

7 

9 

8 

7 

5 

9th. 

8 



9 

10 

4 


2 

3 

4 

3 

3 

2 

Total,. .. 

44 

87 

100 

100 

97 

47 


* Per 2,000,000 pounds of soil. 

t Total increment of 798 pounds through rain waters, 
t Total increment of 3d0 pounds through rain waters. 
§ Total increment of 122 pounds through rain waters. 
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Because of the cited effects of steamings upon the manganese content of the 
soil (2, 3, 4, 7, 8 ), it was thought that the observed brownish coloration of the 
lysimeter leachings during the initial year mi^t be due to dispersed hydrated 
oxides of manganese. The assumption was disproved, however, through hydrogen 
peroxide destruction of the coloration of the residues from the evaporated leach- 
ings. 

After the first year, nitrogen outgo was solely in the form of nitrates. Table 2 
shows that large amounts of nitrogen were leached from all the soils during the 
first 2 years, but presents no conclusive evidence as to effects of the steamings. 
Thereafter, all nitrate leachings were substantially less, without consistent in¬ 
dication that the various steam-treatments had influenced nitrification signif¬ 
icantly during the remainder of the 10 years. In no case, however, did heat treat¬ 
ment increase the 10 -year total outgo of nitrogen. 

Sulfate ovlgo 

All of the steam treatments induced increases in sulfate outgo during the first 
year, whereas the initially imposed triple autoclaving reduced the sulfate leach¬ 
ings during the second year. AJthou^ every comparison registered a larger over¬ 
all outgo of sulfates from the steamed soil, largest SO 3 outgo was only 116 pounds 
greater than that from the corresponding control soil, and neither of the controls 
yielded sulfates equal to the increments derived from the rainwaters. 

Calcium outgo 

Every steam treatment induced some increase in the amountuf calcium leached 
during the first 2 years, when the nitrate leachings were highest. Moreover, in 
three of the four comparisons between the outgo of calcium from the autoclaved 
soils and from the respective controls, the unsteamed soil gave the larger total 
leaching of that element and this parallels the 10 -year leachings of nitrogen. 
The quantity of calcitim brought down in the rainwaters was only 10 per cent 
of the mean over-all outgo of ttiat element. 

Magnesium outgo 

The effect of the steamings upon the leachings of magnesium during the first 
2 years was opposite to the effect found for calcium. In nine of the ten annual 
leachings, outgo of magnesium from the repeated annual steamings and annual 
workings was less than the outgo from the unsteamed and annually worked soil. 
Moreover, every annual outgo of magnesium from the thrice-steamed and \m- 
worked soil was less than the amount that passed from the unsteamed and un- 
worked control, with a resultant over-all disparity of 24 per cent in the outgo 
of that element. 


Potassium outgo 

The annual steamings substantially enhanced the leachings of potassium dur¬ 
ing the first 3 years, althou^ the accelerative effect was not furthered by the 
third annual steaming. In eveiy comparison, the enhancement in outgo of K 
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was evidenced through the annual passages, and every comparison showed that 
steaming served to increase greatly the over-aU outgo of that element. In 9 of 
the 10 years, such increases from the thrice-steamed unworked soil resulted in 
doubling the 10-year total outgo of K. It will be noted, however, that no outgo 
of K was as large as the increment supplied by the 10-year rainfall at Knoxville, 
where soft coal usage is high. 


Sodium outgo 

Although it was assumed that the soil had a meager content of sodium, the 
leachings of that element from the variously steamed soils were determined at 
the end of the first year. Then it was learned that the outgo of sodium was sub¬ 
stantially greater than the outgo of potassium. The initial content of exchange¬ 
able sodium was determined at the end of the experiment and was found to be 
almost equal to the corresponding content of potassium. It is not known to what 
extent the larger leaching of sodium was from increments brought by rain waters 
and from previous topdressings of nitrate of soda in the development of pasture. 

The increases in the outgo of sodium induced by the single steaming and by 
the repetitive steamings were comparable and larger than the increase of only 
2 pounds that was registered by the triplicate day-to-day steamings. The dif¬ 
ference probably is not significant. Since distinctive differences in the outgo of 
sodium during the first year were not registered by variations in the steamings, 
and since it had been found that leachings of that element seldom extend be¬ 
yond the initial annual period, determinations of sodium outgo were not made 
after the first year. 


SXTMMARY AND CONCLUSIONS 

Since the steaming of soils is advocated as an effective procedure for eradicating 
fungi and nematodes from tobacco-bed soils and for killing weed seeds, a 10-year 
lysimeter study was conducted to ascertain the effects of autoclave steamings 
upon immediate and subsequent availability of soil nutrients. Cumberland silt 
loam was subjected to 1, 2, and 3 annual autoclavings and attendant annual 
workings, and to three day-to-day steamings initially with appropriate unsteamed 
controls, and the rain-water leachings of soil nutrients were determined annually. 

The effects of the steamings upon the solubility of soil organic matter were 
indicated by the brownish coloration of the early leachings and by their content 
of ammoniacal and albuminoid forms of nitrogen, without occurrence of nitrites. 
Large quantities of nitrates passed from the steamed and from the imsteamed 
soils during the first 2 years without indication that the various steamings had 
induced significant changes in nitrification, although the steamings effected slight 
decreases in the 10-year totals for nitrate outgo. 

An accelerative effect of steaming upon sulfate outgo was registered during 
the first 3 years and some increases w^ere shown for the 10-year duration. 

Calcium outgo was increased by the steamings through the first 2 years, but 
not thereafter and, with one exception, the 10-year outgo of calcium from every 
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steamed soil was less than the total quantity that passed from its respectiv 
control. 

Conversely, magnesium outgo was lessened by the steanoLings, both initially 
and throughout the 10 years. 

In contrast, potassium outgo from the steamed soils was accelerated greatly, 
during the first 3 years in particular, and the several outgo totals were double 
those that passed from the corresponding controls. 

The several steaming procedures induced relatively small increases in sodium 
teachings during the first year, the outgo being substantially greater than the 
outgo of potassium. 

As an over-all conclusion, it appears that beneficial effects of the steam treat¬ 
ment of tobacco-bed soils should be attributed solely to the inactivation of fungi 
and to the killing of weed seeds, rather than to increases in the supply of nutri¬ 
ents, with the single exception of potassium. 
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INFLUENCE OF SEASONAL AND CULTURAL CONDITIONS 
ON AGGREGATION OF HAGERSTOWN SOIL^ 

R. B. ALDEBJFER 

Pennsylvania Agricultural Experiment Station 
Received for publication October 5,1947 

Soil structure is becoming a factor of increasing interest and concern as its 
effects on runoff and erosion, land capability, and plant growth are more fully 
appreciated. For this reason, there is need for much more infonnation than is 
now available concerning the maintenance and improvement of the structural 
condition of a given soil in a particular environment and concerning factors that 
affect soil aggregation and structure. 

The purpose of this investigation was to study the influence of seasonal as 
well as cultural conditions on the aggregation of Hagerstown soil in central 
Pennsylvania. 

Seasonal variability in the aggregation of different soil types has been reported 
by several investigators (1, 5, 7). In some instances consideration was given to 
possible reasons for differences in the aggregation of the particular soil type at 
various periods during the year. The effects of various management practices 
on soil structure have been reported by numerous investigators. 

PLOT DBSCRIPnON AND TREATMENT 

Aggregation and moisture content at 25 different sampling dates were de¬ 
termined on samples taken from the mulch and soil amendment eisperimental 
plots at the Pennsylvania Agricultural Experiment Station from March 1944 to 
March 1946. These plots and results of the first year’s study were described in 
a previous publication (1). Com was grown on the plots during both years. Dur¬ 
ing the second year, for comparison the soil beneath a 5-year-old Kentucky blue- 
grass sod border area separating the plots was sampled, along with that from a 
65-year old bluegrass sod border separating plots 15 and 16 in Tier I of the Jordan 
soil fertility experiment. 

During the third and fourth year, May 1947 to May 1949, the soil from six 
t* 5 -acre runoff plots on Hagerstown silty clay loam at the Soil Conservation Ex¬ 
periment Station was sampled at 24 different dates. These plots are included in 
a study of the effect of different fertilization practices on runoff and erosion. 
A 4-year com-oats-wheat-hay rotation is used in which the following treatments 
are applied in duplicate: (a) barnyard manure plowed down with the red-dover- 
timothy-hay sod at the rate of 8 tons per acre; superphosphate applied in the 
row to the com and wheat at the rate of 200 poimds per acre; (5) a complete 

^ Cooperative contribution of the department of agronomy, Pennsylvania Agricultural 
Experiment Station, and the Soil Conservation Service, U. S. Department of Agriculture, 
State College, Pa. Paper 1546 in the Journal Series of the Pennsylvania Agricultural Ex¬ 
periment Station. The valuable assistance of James A. Cook of the Agronomy department 
in the sampling and analytical operations is gratefully acknowledged. 
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fertilizer (4-12-4) applied in the row to the com, oats, and wheat at the rate of 
250 pounds per acre; (c) no fertilizer treatment. Lime is applied to each plot at 
the rate of 1 ton of limestone per acre prior to fall plowing for wheat. These plots 
were in com in 1947 and in oats in 1948. 

BXPBBIMEKTAIi PBOCEDUBE 

The sampling procedure and the wet-sieve method of aggregate analysis of 
the soil in its field moist condition were the same as those described in a previous 
publication (1) except that from each of the larger runoff plots ei^t separate 
samples were taken at each date and composited for analysis. 

The stmctural condition of the soil at a given moisture content was expressed 
as the percentage of the soil which consisted of aggregates and of primary par¬ 
ticles > 0.25 mm. in diameter. The content of primary particles was uniform 
in the soil from the different plots, thus eliminatu^ the possibility of apparent 
differences ia structure due to such variability. 

Daily precipitation records were obtained with the standard 8-inch U. S. 
Weather Bureau rain and snow gage. 

Mean daily soil temperature readings were obtained with an automatically 
recording soil thermograph. Three-day mean temperatures were determined 
by averaging the mean daily temperatures for successive 3-day periods through¬ 
out the month. The temperature at the 3-inch depth in bluegrass sod, adjacent 
to the experimental plots, was taken to represent the mean daily temperature of 
the 0-6-inch surface soil layer. 

To determine the effect of different moisture contents on the water-stable 
aggregation of Hagerstown silty clay loam imder different treatments at a par¬ 
ticular time during the growing season, large composite samples were taken from 
each of the runoff plots on June 10,1948. These samples were placed in a 2-inch 
layer on large trays with fine wire bottoms and slowly moistened to near satura¬ 
tion with a low pressure atomizer-tsrpe sprayer. Samples were carefully taken 
from the soil at maximum water-holding capacity. During slow drying, samples 
for aggregate analysis and moisture content were taken at 48-hour intervals 
■until the air-dry condition was reached. Air-dry samples were then oven-dried 
at lOfi^C. to determine the effect of this treatment on aggregation. To determine 
the effect of rewetting the air-dried soil to moisture contents approximating 
those of samples taken during dow drying, six 300-gm. samples of each of the 
differently treated soils were spread in very thin layers and moistened to the 
appropriate degree ■with the atomizer-type sprayer. 

Immediately after each sampling, the soil was placed in an excess of distilled 
water and allowed to slake for 24 hours. The >0.25-mm. fraction was then sep¬ 
arated by wet sieving. This is a departure from the usual pretreatment procedure, 
in which the soil is allowed to air-dry before it is placed in an excess of water for 
fractionation of the sample. The conventional method of a^regate analysis meas¬ 
ures what might be contidered the residual water-stable aggr^ation after the 
soil is dried to some more or less definite moisture content. In this study an 
attempt was made to determine the percentage of water-stable a^egates in 
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the soil under field conditions, wherein moisture content and to a lesser degree 
temperature appeared to exert a very pronounced influence at any given period 
throughout the year. 


EXPERIMENTAL RESULTS 

The effects of variation in seasonal conditions on aggregation of Hagerstown 
silt loam from the mulch and soil amendment experimental plots for the l-year 
period, March 1944 to March 1945 are presented in figure 1. Findings for the 
succeeding year, in which were included the figures for soils under 5- and 65-year- 
old bluegrass sods, are presented in figure 2. The mean soil temperatures at a 
depth of 3 inches for 3-day periods throughout the year were included as supple¬ 
mentary information, of particular importance in analyzing the effect of winter 
conditions on soil aggregation. 

Throughout the first year the soil aggregation curve paralleled the soil moisture 
curve with only a few exceptions. The soil temperature and soil aggregation curves 
evidenced an inverse relationship for this particular year. Water-stable aggrega¬ 
tion was at a minimum during July and August when soil moisture was lowest 
and reached its maximum following 2 months of continuous freezing at a moisture 
content slightly above field capacity. The effects of freezing upon water-stable 
aggregation, however, proved to be only temporary. 

During the next 12-month period, March 1946 to 1946, the effect of moisture 
content on w’^ater-stable aggregation was strikin^y demonstrated. This rela¬ 
tionship, under summer conditions, is illustrated in the data for August 24, where, 
within a 24-hour period following a gentle 0.75-inch rain, the aggregation of this 
soil was increased approximately 35 per cent. 

On the other hand, high soil moisture content accompanied by repeated freez¬ 
ing and thawing during the winter of 1945-46, as shown by the wide fluccuations 
in 3-day mean soil temperatures (fig. 2), resulted in fluctuations in aggregation. 
Water-stable aggregation of the soil, following a winter such as this, was lower 
than that following a winter such as the previous one in which the soil remained 
frozen beneath a snow cover for 3 months. The aggregation of the soil that had 
been in Kentucky bluegrass sod for 5 and 65 years also varied from season to 
season. Bluegrass has brought about a very marked improvement in aggrega¬ 
tion after 5 years when compared with that of the cultivated plots. 

The aggregation and moisture content of the soil runoff plots during the 1947 
and' 1948 growing seasons showed a striking association, which is illustrated in 
figures 3 and 4. The effects on water-stable aggregation of different winter con¬ 
ditions that prevailed in 1947-48 and in 1948^9 are again demonstrated in this 
2-year study. 

The effect of different fertilization practices in a com-oats-wheat-hay rota¬ 
tion on the water-stable aggregation of the soil during the fifth and sixth years 
in which these treatments have been maintained are also shown in figures 3 and 
4. Both the manure-phosphate and the complete fertilizer treatments have main¬ 
tained a higher percentage aggregation than that in the unfertilized plots. No 
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Fig. 2. Seasonal Effects on Aggregation, Moisture Content, and 
Temperature of Hagerstown Silt Loam Surface Soil Under 
Various Treatments from March 1945 to March 1946 
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Fig. 6. Effect of Moistttbe Content on Aggregation of Hagerstown 
S iLTT CiiAT Loah Surface Soil 
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appreciable difference in the effect of the two fertilization treatments, however, 
became evident during the period of this investigation. 

The effects of different moisture contents on the water-stable a^regation of 
Hagerstown silty clay loam are diown in figure 5. Aggregation of this soil, at 
moisture contents ranging from maximum water-holding capacity to oven-diy- 
ness, as it was dried or wetted to either one of these extremes exhibited marked 
variations. Betwemi field capacity and air-dryness, moisture content exerts a 
very pronounced effect on the percentage of the soil consisting of water-stable 
aggregates > 0.25 mm. in diameter. Bemoval of the 3 to 5 per cent moisture 
contained in the soil at air-diyness, by oven-diying at lOS^C. for 24 hours, re¬ 
sulted in a very abrupt increase in aggregation. Aggregation decreased at moisture 
contents immediately above fidd capacity, but as maximum water-holding 
capacity was approached, aggregation reached a maximum for this soil. Wetting 
this soil to maximiun water-holding capacity and then allowing it to dry slowly 
to its original moisture content at the time it was removed from the field had 
no effect on its a^egation. Allowing the soil to air-dry and then wetting it 
effected an increase in macoaggregation over that at the original fidd-moisture 
condition. The manner in which the soil is moistened has been ^own to have 
an important effect on the amount of aggregation measured (9). 

DISCUSSION 

Results of this 4-year investigation on the allegation of two lypes of Hagers¬ 
town soil show that effects of seasonal differences may he as great as or consid¬ 
erably greater than effects of various soil treatments. 

Although a great many other factors undoubtedly infiumce the allegation 
of a ^ven soil at the time of sampling, soil moisture contmit appears to have the 
greatest immediate effect on the amount of soil abrogated into the larger water- 
stable secondary particles or macroaggregates having diameters > 0.25 mm. 
This has been observed and measured by numerous investigators (1, 2, 3, 5, 
6, 8, 9, 11). 

Soil temperature-moisture conditions that occur during winter constitute an 
important seasonal influence on aggregation. Continuous freezing resulted in 
ari increase in aggregation. Intermittent freezing and thawing effected a decrease 
in a^regation. The degree of aggregation at the end of each winter is temporary, 
being subject to alteration very early in spring. 

The effect of moisture on soil aggregation, as shown in figure 5, suggests the 
importance of maintaining an adequate supply of moisture in the soil not only 
as a direct necessity for plant growth but also in view of its possible indirect 
influence. That plants grow best when the soil contains an adequate supply of 
moisture may be partly due to an increased amount of soil aggregated into larger 
sized secondary particles which tiiould provide greater permeability to both 
air and water. That the greatest runoff and erotion losses generally occur from 
clean-tilled crops during the hot, dry summer months is no doubt attributable, 
in part at least, to the decreased number of large water-stable aggregates as the 
moisture content of the soil approaches the air-dry condition. It is this condition 
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that frequently exists at the surface of the soil during summer. During periods 
of intense rainfall, this air-dry surface layer is rapidly wetted if left exposed to 
the direct impact of raindrops. Under these conditions, the water-stability of the 
larger aggregates in the soil is at a minimum, resulting in formation of the famil¬ 
iar surface crust, characterized by a high percentage of aggregates of silt and 
fine sand size, which impart to this layer its low injfiltration capacity and general 
impenetrability to air as well as to newly germinated seedlings. If the soil sur¬ 
face is protected by a mulch or a vegetative canopy, wetting takes place less 
rapidly, allowing the soil to moisten slowly, thus approaching that degree of 
aggregation which the soil will attain at field capacity. This accounts, in part, 
for the importance of surface protection in soil and water conservation (4). It 
may also be important in connection with supplemental irrigation. 

The influence of different cultural conditions on the aggregation of Hagerstown 
silt loam throughout the year, as shown in figures 1 and 2, is reflected first in the 
manner in which both the manure and annual ryegrass cover crop treatments 
have maintained a higher level of aggregation than that in the untreated control 
plots. In the eroded condition, wherein only half of the prevailing organic matter 
content of this soil remained, aggregation was also decreased. Apparently the 
greatest rate of improvement in aggregation under Kentucky bluegrass sod 
occurred within the first 5 years. 

The results of the study of different fertility treatments on the aggregation of 
Hagerstown silty clay loam show that while com, oats, and wheat occupied the 
ground in a 4-year rotation, both the manure-phosphate-lime and the complete 
fertilizer-lime treatments improved the aggregation. 

The differences in aggregation attributable to different treatments of this soil 
remain consistent throughout the year and also appear to be independent of the 
moisture content at which the soil is analyzed. When each seasonal sample was 
air-dried to a uniform moisture content prior to aggregate analysis (1), water- 
stable aggregation in this soil was at a maximum during summer and at a mini¬ 
mum during winter, a finding which is in general agreement with those of Henin 
(5). Slater and Hopp (10) have also reported that freezing and thawing brought 
about a decrease in water-stability of their soils, which were air-dried prior to 
analysis. 


SUHMARY 

Structural studies of two types of Hagerstown surface soil over a 4-year period 
have shown that seasonal and cultural conditions are capable of exerting a very 
pronounced influence on the percentage of soil aggregated into particles > 0.25 
mm. 

Soil moisture content during the growing season has a marked effect on the 
water-stable aggregation in soil of these types. The duration and the manner of 
freezing and the moisture content of the soil also affect aggregation during winter, 
although this effect was found to be very temporary. Seasonal conditions caused 
a variation in the aggregation of this soil under all types of treatment. Significant 
treatment differences in aggregation persisted throughout the year, irrespective 
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of the actual amount of soil aggregated under a particular treatment at any 
given sampling period. After 5 years in Kentucky bluegrass sod, water-stable 
aggregation in the soil was very markedly increased. Within a 66-year period, 
the greatest rate of improvement in aggregation occurred during the first 5 years 
in Kentucky bluegrass sod. Fertilization and manuring in a 4-year rotation con¬ 
taining 1 year of sod effected greater aggregation than that in the soil without 
such treatment. 


REFERENCES 

(1) Aldebfeb, R. B. 1946 Seasonal variability in the aggregation of Hagerstown silt 

loam. Soil Sci. 62: 151-168. 

(2) Bebtbamson, B. R., and Rhoades, H. F. 1939 The effect of cropping and manure 

applications on some physical properties of a heavy soil in eastern Nebraska. 
Soil Sci. Soc. Amer. Proc. (1938) 3: 32-36. 

(3) Bbowning, G. M. 1938 Changes in the erodibility of soils brought about by the 

application of organic matter. Soil Sd. Soc. Amer. Proc. (1937) 2:85-96. 

(4) Dulet,F.L., AND Kelly, L.L. 1941 Surface condition of soil and time of applica¬ 

tion as related to intake of water. U. S. Dept. Agr. Cir. 608. 

(5) Benin, S. 1939 L’inffuence des facteurs climatiques sur la stability structurale des 

sols de limon. Ann. Agron. 9: 301-311. 

(6) Kolodnt, L.,and JoFFE, J. S, 1940 The relation between moisture content and the 

macro-aggregation of the degree of dispersion in soil. Soil Sci. Soc. Amer. Proc. 
(1939) 4: 7-12. 

(7) Kolodnt, L., and Neal, 0. R. 1942 The use of micro-aggregation or dispersion 

measurements for following changes in soil structure. Soil Sd. Soc. Amer. Proc. 
(1941) 6: 91-95. 

(8) McHenry, J. R., and Rttssell, M. B. 1944 Elementary mechanics of agggregation 

of puddled materials. Soil Sci. Soc. Amer. Proc. (1943) 8:71-78. 

(9) Nijhawan, S. D., and Olmstead, L. B. 1948 The effect of sample pretreatment 

upon soil aggregation in wet-sieve analyses. Soil Sci. Soc. Amer. Proc. (1947) 12: 
50-53. 

(10) Slateb, C. S., andHopPjH. 1949 Theactionof frost on the water-stability of soils. 

Jour. Agr. Res. 78: 341-346. 

(11) Yodeb, R. E. 1936 Direct method of aggregate analysis of soils and a study of the 

physical nature of erosion losses. Jour. Amer. Soc. Agron. 28:337-351. 




EFFECT OF ORGANIC ANIONS ON PHOSPHATE PRECIPITATION BY 
IRON AND ALUMINUM AS INFLUiNCED BY pff 
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Mcmachusetts AgrieuUurdl Experiment Station 
Bec^Tsd for publication August XI, UiS 

Adtive iron and aliiTniniiTn, either in solution or as hydrated oxides, are con¬ 
sidered to be the principal agents responsible for chemical fibmtion of phosphate 
in acid soils. Basic iron and aluminum phosphates are precipitated whenever 
soluble phosphate comes into contact with these agents. Maximum phosphate 
fixation is known to occxir in very acid soils where iron and aluminum are most 
active; likewise the chemical precipitation of phosphate by solutions containing 
iron and aluminum shows the isoelectric point of the basic iron phosphate to be 
about pH 3 and that of basic aluminum phosphate to be about pH 4 (1,2, 9,16). 
In both systems, progressively less phosphate is precipitated as the pH is raised 
(3, 7, 17). Investigations by Swenson, Cole, and Sieling (16) showed that the 
presence of certain organic anions reduced greatly the amount of phosphate 
precipitated by iron at pH 3.0 and by aluminum at pH 4.0; however, these re¬ 
sults do not necessarily indicate that such anions would have any marked effect 
in preventing phosphate precipitation at higher pH values. 

The purpose of this investigation was to determine the influence of pH on the 
effectiveness of certain organic anions in preventing the precipitation of phos¬ 
phate by iron and aluminum. 

E N 'j. ^ATi mocEnxmE 

EstabUshment of standard values of phosphate precipitation by iron and 
aluminum at various pH levels 

A standard procedure which was essentially the same as that previously re¬ 
ported by one of the authors (16) was used in this investigation. A solution of 
1 millimol of FeCls or AICI3 containing a known excess of HCl was mixed in a 
250-ml. beaker with a solution containing 1 millimol of primary potassium acid 
phosphate. To this mixture were added enough NaCl to give a final concentration 
of 1 per cent and distilled water to establish a standard final volume of 125 ml. 
The resulting mixture was heated to boiling and sufi&cient0.2 N NaOH (carbonate 
free) was added to adjust the equihbrium pH to the approximate value desired. 
The contents of the beaker were boiled continuously for i hour after addition 
of the NaOH to establish equilibrium. The mixture was cooled to room temper¬ 
ature for pH determination, reheated, and filtered while hot through Whatman 
No. 42 paper. The precipitate was washed three times successively by filling the 
filter paper with hot 1 per cent NaCl solution adjusted approximately to the 

^ Contribution No. 736, Massachusetts Agricultural Experiment Station, Amherst. 
Part of a thesis submitted by the senior author to the graduate school of the University of 
Massachusetts in partial fulfillment of the requirements for the master of science degree. 
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pH of the system being studied. The precipitate containing the phosphate was 
dissolved in hot 1 per cent perchloric acid and the phosphate content was de¬ 
termined colorimetrically by an adaptation of the method of Sherman (12). 

Values were obtained for the percentage of phosphate precipitated by iron at 
progressive levels from pH 3 to pH 8, and by aluminum from pH 4 to pH 9. 
These values were used throughout the course of this investigation as standards 
for the amount of phosphate which could be precipitated by iron or aluminum 
at any given pH value. 

Determination of influence of organic anions on precipitation of phosphate 

at various pH levels 

The procedure used to determine the influence of organic anions on phosphate 
precipitation was essentially the same as that described for determining the 
effect of pH, with the exception that 1 millimol of the organic anion being studied 
was mixed with the phosphate solution before addition of the iron or aluminum 
solution and of the sodium hydroxide used to adjust the pH. This order of adding 
the reagents provided an equal opportunity for both the organic anion and the 
phosphate ion to compete for the iron or aluminum, thus expediting the establish¬ 
ment of equilibrium. 

Values for the percentage of phosphate precipitated in the presence of each 
organic anion by iron at progressive levels from pH 3 to pH 8 and by aluminum 
from pH 4 to pH 9 were obtained by this method. 

RESULTS 

Many organic acids or their salts are produced in agricultural soils by the 
microbiological decomposition of plant and animal readues. Some of those found 
most extensively in soils were included in this investigation. Of these, citric, 
tartaric, and oxalic acids are known to form stable, soluble complexes with iron 
and aluminum. It is believed that the effectiveness of organic anions in prevent¬ 
ing phosphate precipitation by iron and aluminum is dependent on the stability 
of the complexes formed. In selecting the other anions studied, consideration was 
given to chemical structure and composition; and series were established ac¬ 
cording to these considerations for the purpose of determining the types of com¬ 
pounds which could be expected to prove effective in preventing phosphate 
fixation. The characteristics given condderation were: (a) number of carboxyl 
groups; (6) presence of substituted amino groups; (c) presence and number of 
substituted hydroxyl groups; and (d) length of carbon chain. 

The following acids were used to furnish the anions studied: dZ-a-alanine, dl- 
aspartic, citric, cK-lactic, dZ-maJic, malonic, oxalic, succinic, and dZ-tartaric. At 
any given pH level, the difference in the amount of phosphate precipitated by 
iron or aluminum in presence and in absence of each organic anion was assumed 
to be the measure of the effect that each anion exerted on the system. Values for 
the amount of phosphate precipitated in presence of organic anions are designated 
in the accompan 3 nng figures by the names of the respective anions; standard 
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reference values of phosphate precipitation as influenced solely by pH are desig¬ 
nated as “blank.’’ 

Series I: tartaric, malic, aspartic, and succinic acids 

To determine the influence of substituted amino and hydroxyl groups on the 
effectiveness of otherwise similar organic anions in preventing phosphate pre¬ 
cipitation by iron and aluminum, the following acids were used: tartaric ( 01 ,^ 8 - 
dihydroxy succinic), malic (hydroxy succinic), aspartic (amino succinic), and 
succinic. The results obtained are shown in figure 1 for the iron system and in 
figure 2 for the aluminum system. 




Fig. 1. Influence op pH on Effectiveness op Tabteate, Malatb, Aspaetatb, and 
Succinate Ions in Preventing Phosphate Precipitation bt Iron 
Fig. 2. Influence of pH on Effectiveness op Tartrate, I^Ialate, Aspartate, and 
Succinate Ions in Preventing Phosphate Precipitation by Aluminum 

These findings show that the hydroxy-acid anions, tartrate and malate, were 
considerably more effective in preventing phosphate precipitation by both iron 
and aluminum than were succinate or aspartate ions, although the effectiveness 
of each varied at different pH values. The effect of the malate ion was greatest 
at a range between pH 4 and pH 5 for both elements; the tartrate ion had the 
greatest effect at the most acid pH level in each system. 

In the iron system, tartrate prevented the precipitation of phosphate to a 
considerably greater degree throughout the entire pH range of 3 to 8 than did 
the other anions in this series. The malate ion was effective below pH 6 , and 
succinate and aspartate ions did not decrease the amoimt of phosphate pre¬ 
cipitated by iron at any pH value. 





208 


FATTL H. STBXJTHBBS AKD DAIiE H. STESUNQ 


With aluminum, malate was superior to tartrate in reducing phosphate pre¬ 
cipitation between pH 4 and 5.5, and was nearly equal to it above this pH range. 
Succinate ion became increasingly effective as the pH was raised, becoming nearly 
as ^active as noalate and tartrate above pH 6.5. Aspartate ion, on the other 
hand, caused only a sli^t uniform suppresaon of phosphate precipitation 
throu^out the pH range 4 to 9. 

Series II: oxtMc, maUmc, and succinic adds 

The presence of hydroxyl groups was shown in the previous section to be an 
important factor in the ability of a dicarboxylic acid to prevent phosphate pre- 




Fig. 3. Fig. 4. 

Fig. 3. Influsncb of pH on EFFEcnvmnssB of Oxaiate, Malonate, and Sttccinate Ions 
IN Pketbnting Phosphate Pbbcipitation by Ieon 
I^G. 4. Influence of pH on EpFEcnvENEss of Oxalate, Malonatb, and SucdNATE 
Ions in Pbeventino Phosphate Pbeoipitation by Aluiunuu 

cipitation by iron or aluminum. It was considered desirable to investigate the 
influence of chain length on this property of oi^anic anions by the use of a series 
of dicarboxylic adds having no functional groups. For this purpose the effects 
of oxalate, malonate, and sucdnate ions were compared; the results are shown 
in figures 3 and 4. 

In very acid solutions the diorter-chain compounds had the greater relative 
dfecflveness in reducing the amount of phosphate predpitated by both iron 
and aluminum; thus oxdate was most effective, followed in order by malonate 
and succinate. At the acid extreme, malonate was considerably more effective 
in preventing predpitation of phosphate by aluminum than by iron, indicating 
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the formation of a more stable complex with aluminum at the low pH. Succinic 
acid, as shown in the previous series, had no capacity to prevent precipitation 
of phosphate by iron but increased in effectivness in that role at higher pH levels 
in the aluminum system. 

Series III: lactic, malic, and citric adds and alanine 

In previous series only dicarboxylic acids were considered. As monocarboxylic 
acids and tricarboxylic acids are also produced by microorganisms in the soil, 
they were included in this study. Lactic, malic, and citric acids are respectively 
mono-, di-, and tricarboxylic acids, and each has one hydroxyl group in its 



Fig. 5. Fig. 6. 

Fig. 5. Influence of pH on Effectiveness of Lactate, Malatb, Citrate, and 
Q t-A minopropionate Ions in Preventing Phosphate Precipitation by Iron 
Fig. 6. Influence of pH on Effectivbnbss of Lactate, Malatb, Citrate, and 
a- Aminopropionate Ions in Preventing Phosphate Precipitation by Aluminum 

molecular structure. Figures 5 and 6 present the findings regarding the effective¬ 
ness of each in preventing phosphate precipitation by iron and aluminum. 

The tricarboxylic-acid anion, citrate, showed greater effectiveness than any 
other organic anion studied. In the iron ^stem, its effect was greatest between 
pH 4 and pH 6, where 90 to 95 per cent of the phosphate remained in solution, 
whereas in absence of citrate, nearly 90 per cent was precipitated by the iron. 
In the aluminum system it was foimd ttiat as little as 0.5 millimol of citrate 
completely prevented precipitation of basic aluminum phosphate when 1 millimol 
each of aluminum and phosphate were present. It was necessary, therefore, to 
reduce the amount of citrate to 0.25 millimol to get a measurable precipitation 
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of basic aluroinmn phosphate which would show the influence of pH on this 
^stem. 

Malate ion was superior to the lactate ion below pH 5.5, but above that value 
lactate proved to be more effective in preventing phosphate precipitation by 
both iron and aluminum; however, neither of these anions approached the effec¬ 
tiveness of citrate. 

The relative influence of functional hydroxyl and amino groups is shown again 
in this series when a comparison between the effect of lactate (a-hydroxypro- 
prionate) and alanine (a-aminoproprionate) is made. Lactate is effective in in¬ 
hibiting precipitation of phosphate by aluminum throughout the pH range of 
4 to 9 and the effect gradually increases as the pH increases; however, alanine 
has no appreciable effect. With iron, lactate was effective in preventing phos¬ 
phate precipitation at pH values above 5.5, whereas alanine showed a slight but 
not significant effect from pH 3.0 to pH 7.0. 

DISCUSSION 

The importance of organic matter in maintaining soil productivity has long 
been recognized. Its functions in this respect, however, are usually described in 
general terms such as: increases aggregation of soils; increases water-holding 
capacity; increases base-exchange capacity. On the other hand, its role in the 
nitrogen cycle in soils has been studied extensively, and the fundamental bio¬ 
chemical reactions involving nitrogen and organic matter are well established. 
Organic matter controls nitrogen in soils, and vice versa (15). The functions of 
organic matter in controlling the availability of other plant nutrient elements 
are not so well defined. 

That organic matter has a beneficial action in keeping phosphate available 
for plant use has been reported by Hester and Shelton (4), Midgley and Dunklee 
(6), Pierre (8), and others (5, 11). This beneficial effect has been attributed to: 

(а) the protective action of organic colloids or gross organic matter in preventing 
soluble phosphates from coming into contact with the active iron and aluminum; 

(б) the action of carbon dioxide, produced by organic matter decomposition, in 
dissolving certain phosphatic materials or in tying up the active iron; (c) for¬ 
mation of organic phosphates, which are less firmly fixed by soils than are in¬ 
organic phosphates; and (d) mineralization by bacteria of organic matter con¬ 
taining phosphates with the resultant release of phosphate for plant use. 

Swenson, Cole, and Sieling (16) assigned a specific role to organic matter in 
making phosphate more readily available. They observed that certain organic 
anions were effective in preventing phosphate precipitation by iron and aluminum 
and in liberating fixed phosphate from the basic phosphates of these elements 
at very low pH values- The most effective organic anions were those which were 
known to form stable complexes with iron and aluminum, and these workers 
suggested that the active anions were produced by microorganisms during de¬ 
composition of organic matter in soils. 

The research reported here substantiates the findings of Swenson et aL and 
goes further to ^ow that several organic anions are effective in preventing pre- 
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cipitation of phosphate by iron and aluminnni at pH values common to agri¬ 
cultural sofls. Some are most effective at low pH values; some at the moderately 
acid range of pH 5 to pH 6; and others at the neutral point or above. Each anion 
changes in effectiveness as the pH changes. Apparently the stability of the com¬ 
plex formed between each anion and the iron or aluminum is influenced by pH. 
Therefore, the pH of greatest stability of the complex coincides with the greatest 
effectiveness of the anion in preventing phosphate fixation. The most obvious 
example of this is shown by the effect of citrate on precipitation of phosphate 
by iron. The ability of the citrate to form a complex with the iron increases pro¬ 
gressively with an increase in pH from 3.0 to 4.8 and then gradually decreases 
as the pH is raised to 7.5. 

The most significant information found in this research is that at any pH 
within the entire range of values for agricultural soils there are some organic 
anions that are markedly effective in preventing precipitation of phosphate by 
iron or aluminum. The most effective anions found in this study were citrate, 
oxalate, tartrate, malate, and malonate, and it is important to note that these 
are the very ones which investigators (13, 19) have foimd to be produced in 
greatest quantity by the action of microorganisms on organic matter in soils. 
It seems obvious that many other organic anions produced in the soil would be 
equally effective. XJronic acids and the polyuronides occur in soils in consider¬ 
able quantities—^as much as 30 per cent of the organic matter in some instances 
(14, 18). Preliminary investigation of these important soil substances has in¬ 
dicated that they are very effective m preventing phosphate fixation. A more 
detailed study of the influence of uronides on phosphate fixation and on soil¬ 
forming processes is being made. 

The old adage, “Lime and lime without manure make both farm and farmer 
poor,” finds justification m the results obtained in this study. The influence of 
an increase in pH of either the iron or the aluminum system which contains 
phosphate but no organic anion can be considered analogous to raising the pH 
of a purely inorganic soil by “liming without manure.” In this case an increase 
in pH from 4 to 6 resulted in freeing only 7 per cent of the phosphate which had 
been fixed by the iron at the lower pH value. A comparable increase in pH 
caused the release of less than 4 per cent of the phosphate from basic aluminum 
phosphate. 

On the other hand, application of manure to soils results in the microbiological 
production of organic anions and the creation of conditions very similar to the 
chemical systems containing organic anions which were studied here. The release 
of phosphate by organic anions greatly exceeds that caused by raising the pH. 
For example, at pH 4.0, malate, tartrate, oxalate, and citrate respectively re¬ 
leased 11, 25, 43, and 89 per cent of the phosphate from basic iron phosphate 
and 18,15, 50, and 100 per cent of the phosphate from the basic aluminum phos¬ 
phate. The amounts of phosphate released throughout the entire pH range com¬ 
mon to agricultural soils are of similar magnitudes even though the order of 
effectiveness of the different anions may change. The authors believe that the 
increases in phosphate availability which several investigators (7, 8, 10) have 
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reported as resultmg from the limiriE of amd soils were due primarily to presence 
of greater quantities of organic anions produced as a result of stimulated micro¬ 
biological activity. Thus presence of an adequate supply of easily decomposable 
organic matter would be a prerequisite for obtaining themostfavorable response 
to the liming of acid soils. 

The organic anions produced in the soil are nature’s effedave agqnts for pre¬ 
venting phoi^hate fixation by iron and aluminum in neutral and add soils and 
for making available that phosphate which has already been fixed. Practical 
^ricolturalists should be able to get greater ^d^cy from natural and applied 
phosphates by management practices which encourage production of these effec¬ 
tive i^ents in the soil. 


SUMHABY ACTD COKCLTTSIONS 

Nine organic acids, some of which are found extensively in soils, were in¬ 
vestigated to determine thdr effectiveness in preventing; phosphate precipita¬ 
tion by iron and aluminum at various pH values. The nine adds used were: 
d2-a-alanine, dZ-aspartic, dtric, dZ-lactic, dZ-malic, malonic, oxalic, succinic, and 
dZ-tartaric. 

Each add differed &am the others in its effectiveness in preventing pho^hate 
predpitation by iron and aluminum at different pH values. In addition, the 
spedfic effect of each add with iron was different from that with aluminum al- 
thou^ there was a general similarity of effect in some cases. Some of the acids 
were most active at low pH levels, some in moderately add solutions, and others 
at the neutral point or above. 

The most effective adds were dtric, oxalic, tartaric, malonic, malic, and lactic 
and their greatest effectiveness was in the more add pH range, althou^ some 
were active also at hi^er pH values. These organic adds occm: in soils in con¬ 
siderable quantity as a result of the action of microorganisms on organic matter. 
They are therefore operative m forming stable complexes with iron and aluminum 
in a pH range where these dements are most active in phosphate fixation, thus 
helping to prevent fixation. 

Citrate was the most active anion in preventing phosphate precipitation with 
both iron and aluminum. One millimol eompletdy complexed 1 millimol of 
aluminum, and no phosphate was precipitated in the pH range 4 to 9. With iron, 
dtrate was most effective between pH 4.0 and pH 6.0 where 1 millimol released 
more than 90 per cent of the phosphate from 1 millimol of basic iron phosphate. 

The structure of the oi^anie anion was of importance in determining its effi¬ 
ciency in preventing phosphate precipitation by iron or aluminum. The general 
observations concerning the effect of structure are as follows: 

Amino group. As diown by alanine and aspartie add, the functional amino group has 
no significant effect on the ability of the oiganic anion to suppress phosphate precipitation. 

Hydrcacyl group. The effectiveness of the organic anion is increased progressively as the 
number of ftmctional hydroxyl groups is increased in an otherwise unchanged molecule. 
Tartrate (a, dihydroxysuccinate) has the greatest ability, malate (ot-hydroxysuccinate) 
has somewhat less ability, and succinate has the least. 
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Number of carboxyl groups. As the number of carboxyl groups is increased, the effective¬ 
ness of the organic anion is increased, as shown by the series: lactate, malate, and citrate. 

Length of carbon chain. A short chain-length increases the effectiveness of the anion, as 
shown by results for the saturated unsubstituted acids oxalic, malonic and succinic. 
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Soon after the agar plate method for studying bacteria was developed it was 
adapted for use in determining numbers and kinds of soil fungi. Inasmuch as 
bacteria and actinomycetes are relatively more numerous than fungi in most 
soils, it was necessary to add to the medium some material which would pre¬ 
vent the growth of these forms and still allow the fungi to grow. The best method 
developed, and one that has become standard procedure, is incorporation of a 
naturally acid material into the agar, or artificial acidification of the medium 
with an acid such as sulfuric, citric, or lactic. The artificial media most com¬ 
monly used in the plate method for soil-fungus studies contain a relatively hi^ 
concentration of carbohydrate, such as dextrose, and a suitable nitrogen source, 
such as peptone or nitrate (2, 4, 7). 

The plate method as at present constituted has resulted in many important 
contributions to our knowledge of the nattire and activities of soil fungi. Never¬ 
theless, this method has several important disadvantages, some of which are as 
follows: 1. Not all soil fungi will grow on any one medium. The nutritional re¬ 
quirements of different groups are so diverse that it is difficult to perfect a me¬ 
dium which will allow growth of all types, and one can only hope to prepare a 
medium on which the greatest possible numbers and kinds will develop. 2. 
Several common soil fungi wiQ not grow on a medium that is sufficiently acid 
to prevent growth of all bacteria and actinomycetes. 3. The faster-growing 
fungi, or “spreaders,” may cover all or most of the plate before the slower-grow¬ 
ing types become established. One may thus get a false picture of the fungus 
population. 

Recently, various attempts have been made to improve the plate method for 
studying fungi. Tyner (6) asserted that boric acid prevented growth of bacteria 
and gave higher counts of fungi than sulfuric acid. The work of Smith and 
Dawson (4), and unpublished data by the present writer, have been completely 
at variance with this. With boric acid, many soils yielded almost sterile plates; 
others were covered with munerous bacterial colonies; and all contained rela¬ 
tively few fimgus colonies. Smith and Dawson suggested use of rose bengal in 
fungus media for preventing bacterial growth. This dye in a concentration of 1 
part in 15,000 eliminated all actinomycetes and most bacteria and reduced 
spreading of mold colonies. The comparatively few bacteria that did develop 
on the plates could be easily distinguished from the fungus colonies. Counts of 
fungi were higher in the media containing rose bengal (pH 6.8) than in the 

1 Paper No. 617, University of California Citrus Experiment Station, Riverside, Cali¬ 
fornia. 
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acidified media (pH 4.2). Fewer bacteria developed on glucose-nitrate-^oil-ex- 
tract agar than on peptone-dextrose agar, but fungus counts were snnilar. 

Dawson and Dawson (1) in a later study plated pure cultures of 12 common 
fungi, using glucose-nitrate-soil-extract agar with and without 1:16,000 rose 
bengal. The only evidence of fungistatic activity of the dye was a reduction in 
size of the colonies. 

Littman (3) developed a peptone-dextrose-oxgall-crystal-violet-streptomycin 
agar for primary isolation of pathogenic fungi from material containing a mixed 
flora. He observed that growth of both gram-positive and gram-negative bac¬ 
teria was inhibited on this medium, and that discrete, nonspreading furious 
colonies developed. It was suggested that this medium might be successfully 
used for fungus studies in other fields. Littman’s medium was applied to soils 
by Wilson and Fults^ in a study of the effect of 2,4-dichlorophenoxyacetic acid 
on the kinds of fungi in a clay loam soil. 

Much plating to determine the numbers and kinds of soil fungi has been done 
in this laboratory. For this reason, a study was made to determine the effective¬ 
ness, in suggested and new combinations, of some of the materials recently pro¬ 
posed for preventing growth of bacteria and actinomycetes and spreading of 
fungus colonies on various mold media, and to compare the numbers and kinds 
of fungi developing on the plates with those obtained by ourusual method, namely, 
peptone-dextrose agar acidified to pH 4.0 with surfuric acid. 

METHODS 

Soil samples were collected from vh^in and cultivated areas with a 1-inch 
sample tube. For each location, 20 holes were made. Most soils were sampled at 
depths of 0 to 12 and 12 to 24 inches. The soil from both depths and from each of 
five holes was combined, mixed, and subsampled. A few soils were sampled at 
depths of 0 to 6, 6 to 18, 18 to 36, and 36 to 48 inches. For these, all 20 samples 
from each depth were combined, mixed, and subsampled. The subsamples were 
plated the day they were taken, or were placed in the refrigerator and plated 
the following morning. 

For preliminaiy studies three basal media were employed; namely, peptone- 
dextrose agar (6), peptone-dextrose-oxgall agar (3), and glucose-nitrate-soil- 
extract agar (4): 

Peptone dextrose agar. Tap water, 1,000 rol.; dextrose, 10 gm; peptone, 6 gm.; KH2PO4, 
1 gm.; MgS 04 * 7 H 20 , 0.5 gm.; agar, 20 gm. 

Peptone-deztrose-oxgall agar, DistiUed water, 1,000 ml.; dexlirose, 10 gm.; peptone, 10 
gm.; oxgall, 15 gm,; agar, 20 gm. 

Glucose-mtrate-soiUextract agar. Glucose, 10 gm.; NaNO*, 1 gm.; K2HPO4, 1 gm.; agar, 
18 gm.; soil extract, 1,000 ml. (prepared by autoclaving 500 gm. soil in 1,200 ml. water for 1 
hour and fdtering}. 


* 'Wn^son, V. F., and Fults, J. L. Qualitative effects of the sodium salt of 2,4-dichloro- 
phenoxyacetic acid on the fungi isolated from a clay loam soil. [Mimeographed abstract of 
paper presented at 1948 meetings of the Soil Science Society of America, Fort Collins, 
Colorado.] 1948. 
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To prevent growth of bacteria and actinomycetes on the plates, the following 
materials were used: sulfuric acid (pH 4); rose bengal, 1 part in 15,000 of medium; 
and streptomycin (streptomycin sulfate equivalent to 15 and 30 y per milliliter 
of medium); streptomycin plus ciystal violet, 1 part in 100,000; and streptomycin 
plus rose bengal, 1:15,000 and 1:30,000. Rose bengal and crystal violet were 
added to the media with the original ingredients. Sulfuric acid and streptomycin 
were added after the media had been melted and cooled sufficiently to pour the 
plates. 

Plates were poured from appropriate dilutions in replicas of eight for samples 
from depths of 0 to 6,0 to 12, or 6 to 18 inches, and in replicas of four for samples 
from depths of 12 to 24,18 to 36, or 36 to 48 inches. After incubation of the plates 
for 1 week at approximately 25° C., the fungus and bacterial colonies were 
coimted. The fungus colonies were examined macroscopically and microscopi¬ 
cally for identification. Those that could not be identified were allowed to de¬ 
velop further or were picked, plated, and streaked on various fungus media and 
examined. Forms that could not be identified after this procedure were niun- 
bered. Dark-colored forms were numbered Dl, D2, etc.; and hyalin cultures, 
Ml, M2, etc. 


EESULTS 

Preliminary studies gave variable results. Streptomycin alone allowed the 
growth of relatively large numbers of bacteria and did not reduce spreading. In 
combination with rose bengal or with crystal violet, spreading was markedly 
reduced, and the plates were virtually free of bacterial colonies. Rose bengal 
alone was effective in reducing spreading of many fungus colonies and in elimi- 
natingmostbacterial growth on platesfrom somesoils, whereasonothersrelatively 
large numbers of bacterial colonies developed. Acid was the best means of check¬ 
ing growth of bacteria, but, as is well known, it does not reduce spreading of 
many rapidly growing fungi. The crystal-violet-streptomycin combination gave 
best results in the rich peptone-dextrose-oxgall medium. As the two dyes made 
identification of some fimgus types more difficult, it was necessary to make more 
transfers to other media when these materials were used. The crystal violet was 
more disadvantageous from this point of view. Use of 1:15,000 or 1:30,000 rose 
bengal in place of the crystal violet in the oxgall medium was an improvement* 
- Bacterial colonies were larger and spreading of some fungus colonies was greater 
on the glucose-nitrate-soil-extraet agar than on the other media. Rose bengal 
completely inhibited growth of actinomycetes. 

As a result of the preliminary studies, acidified peptone-dextrose agar and 
both peptone-dextrose agar and ^ucose-nitrate-soil-extract agar with 1:15,000 
rose bengal and with 1:30,000 rose bengal plus 30 y per milliliter of streptomycin, 
were selected for more detailed studies. Littman’s oxgall medium with strepto¬ 
mycin and rose bengal or crystal violet was an excellent medium, but since it 
had no particular advantage over the peptone-dextrose agar it was not included. 

The effect of these media on the number and kind of fungi and number of 
bacteria capable of developing on each, in several soils, is recorded in tables 1 
to 4, and in fiigure 1. Only representative results are presented in the tables. 
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Virgin Ramona sandy loam contained very few bacteria capable of growing 
in the presence of either rose bengal or rose bengal plus streptomycin. The highest 

TABLE 1 


Effect of various media and bacterial growth preventives on number and hind of fungi in virgin 

Ramona sandy loam 


XCKOUS 

son. 7S0M 0-12-iNca depth 

SOIL VROU 24r48-INC& DEPTH 

Peptone-dextrose agar 

Glucose-nitrate- 
soil-extract agar 

Peptone-dextrose agar 

Glucose-nitrate- 
soil-extract agar 

HsSO« 
(pH 4) 

Rose bengal (1:15,000) 

Rose bengal (1:30.000) 

Streptomycin (30y/inl.) 

Rose bengal (1:15.000) 

Rose bengal (1:30,000) 

Streptomycin (30Y/ml.) 

HsSOa 

(iH4) 

Rose bengal (1:15,000) 

t i 
1 ^ 

li 

s S' 
1 S 

Rose bengal (1:15,000) 

1 S 

■rt+'i 

If 


Approximate nuniber of bacteria (per gram dry soil) capable of 





growing on medium 





0 

' 7,000 

4,000 

20,000 

2,000 

0 

1,000 

1 0 

8,000 

0 


Approximate number of fungi per gram dry soil 


60,000192,OOoIoS.OOoIsS.OOoIqS,000 

1 1 1 1 

7,000 

9,000 

13,000 

11,000 

11,000 


Approximate percentage concentration of fungi on plates 

Aspergillus sydowi . 

16 

10 

9 

1 

; 9 

12 

0 

0 

1 

2 

0 

Cladosporium herbarum. 

<1 

2 

<1 

0 

0 

0 

0 

0 

0 

0 

Fusarium spp. 

3 

2 

1 

<1 

3 

3 

2 

<1 

1 

2 

Mucor spp. 

2 

0 

<1 

<1 

1 

<1 

3 

5 

4 

9 

Penicillia, blue-green... 

<1 

<1 

2 

2 

1 

<1 

2 

6! 

1 

6 

Penidllium humicola ... 

0 

0 

0 

0 

0 

2 

6 

4 

10 

2 

P. lilacinum . 

2 

8 

8 

8 

8 

38 

38 

19 

30 

30 

P. nigricans . 

46 

23 

171 

20 

23 

28 

18 

12 

12 

26 

P. restrictum . 

14 

12 

17 

10 

13 

9 

11 

8 

5 

8 

Stysanus stemonites . 

0 

12 

13 

17 

10 

0 

2 

2 

2 

1 

Trichoderma spp. 

4 

5 

3 

3 

2 

0 

0 

0 

0 

0 

Fungus D30. 

<1 

14 

20 

17 

16 

2 

10 

21 

19 

8 

Other species*. 

12 

11 

9 

13 

11 

17 

8 

21 

14 

8 



Total number of identified species of fungi 



IS 

17 

18 

17 

2C 

1 8 

; 10 

> 12 

13 

11 


* Including unidentified fungus colonies. 


count (20,000) would be equivalent to an avenge of 20 colonies on a 1:1,000 
dilution plate, or 4 colonies on a 1:5,000 dilution plate. The fungus counts in the 
soil samples from depths of 0 to 12 and 12 to 24 inches, respectively, were ap- 















Fig. 1. Comparative Effectiveness of Sulfuric Acid, Rose Bengal, and Streptomycin 
IN Preventing Bacterial Growth on Fungus Plates from 
Hanford Sandy Loam 

A, peptone-dextrose agar adjusted to pH 4 T\dth H 2 SO 4 ; B, peptone-dextrose agar plus 
1:15,000 rose bengal; C, glucose-nitrate-soil-extract agar plus 1:15,000 rose bengal; D, 
peptone-dextrose agar plus 1:30,000 rose bengal plus streptomycin (30 7 /ml.); E, glucose- 
nitrate-soil-extract agar plus 1:30,000 rose bengal plus streptomycin (30 7 /ml.). All plates 
from same soil dilution. Note small bacterial colonies on B plates, large bacterial colonies 
on C plates, and comparative absence of bacterial colonies on D and E plates. 
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proximately 80 and 55 per cent higher in both the rose bengal and rose bengal 
plus streptomycin plates than in those containing acidified agar. This difference, 
to a considerable degree, resulted from the relatively large numbers of Stysanus 
stemonite-s and Fungus D30 colonies on the former media, and their absence, or 
virtual absence, on the acid medium. 

Cultivated Ramona sandy loam (table 2) contained comparatively large 
numbers of bacteria which were not depressed by the rose bengal. The number 
of bacterial colonies developing on the media was apparently sufficient to reduce 
the number of fungus colonies. Plates with acid or with rose bengal plus strepto¬ 
mycin in the medium contained very few bacterial colonies. Total fungus counts 
were a little lower on the acid medium. Two fungi, D14 and D30, did not occur 
on the acid medium but developed on the others. 

The numbers and kinds of fungi developing from cultivated Hanford sandy 
loam (table 3) were similar on all the media. Comparatively large numbers of 
bacterial colonies were found on the media containing rose bengal alone. 

Additional soil platings gave results similar to those above. Some soils con¬ 
tained very few bacteria capable of growing in the presence of 1:15,000 rose 
bengal, whereas others contained relatively large numbers. Growth of bacteria 
was sufficient to reduce numbers and kinds of fimgi from some soils but not from 
others. In all platings, the media containing rose bengal and streptomycin al¬ 
lowed growth of relatively few or no bacteria. In general, there was no consistent 
difference in the number of bacterial colonies developing on the glucose-nitrate- 
soil-extract agar and on the peptone-dextrose agar, but there were more large, 
slimy colonies on the glucose-nitrate-soil-extract agar (fig. 1). Although rose 
bengal reduced the size of most fungus colonies, several forms tended to spread 
on the glucose-nitrate-soil-extract agar containing this dye. 

Several more soils were plated on peptone-dextrose agar containing either acid 
or rose bengal and streptomycin. Table 4 records the results for cultivated Han¬ 
ford sandy loam and cultivated Placentia sandy loam. Total fimgus counts in 
soil from the surface 6 inches were approximately 80 to 90 per cent higher in the 
medium containing rose bengal and streptomycin. The difference in numbers 
tended to decrease at lower soil depths but the counts remained higher than in 
the medium containing sulfuric acid. Fusariiim sp. 6, Stysanus stemonites, Fungus 
D14, and Fungus M4 developed in relatively high concentration on some of the 
plates containing the rose-bengal-streptomycin agar, but failed to grow on the 
acid agar. 

To test the effects of the various bacterial grovd>h inhibitors used in this study 
on apparent growiih of fungi, 117 cultures recently isolated from the soil on one 
or more media were streaked on peptone-dextrose agar and on glucose-nitrate- 
soil-extract agar containing the inhibitors. The results of this study are reported 
in table 5. SuKuric acid (pH 4) in peptone-dextrose agar entirely or virtually 
prevented growth of 11 fungi, greatly reduced growih of 8, and slightly to mod¬ 
erately depressed development of 37. In the same medium, 1:15,000 rose bengal 
almost prevented growth of 3 cultures, markedly retarded development of 12, 
and slightly to moderately reduced growth of 90. One part in 30,000 rose bengal 



TABLE 2 

Effect of various media and bacterial growth preventives on number and kind of fungi 
in cultivated Ramona Bandy loam 



son. TSOM 0>12 INCH DZPTH 

SOIL FSOIC 12-24 INCH DEPTH 


Peptone-dextrose agar 

Glucose-nitrate- 
soil-extract agar 

Peptone-dextrose agar 

Glncose^trate- 
soil-extract igar 

TDKGUS 



ii 


Rose 

bengal 

1 


1 t 
1 


ii 


H2S04 
j (pH 4) 

Rose 

bengal 

•3+*§ 

Rose 

bengal 

(1:30,000) 

H^04 
(pH 4) 

Rose 

bengal 

’a+'l 
S’ 1 

Rose 

bengal 

’a+'i 


(1:15,000) 

S’ 1 

(1:15,000) 

Strepto- 

(1:15,000) 

(1:15,000) 


- 



1 t 


mydn 

(SOy/ml.) 


11 

1 1 


1 1 










1 s 




pit CO 





CO 


CO 


jApproximate number of bacteria (per gram dry soil) capable of growing 

on medium 


7,000 

425,00oj 7,000[375,000 

37,000 

0|204,000 

3,OOo{202,600 

5,000 

Approximate number of fungi per gram dry soil 

75,000 

63,000j88,000 

70,000|108,000 

18,00o! 14 ,OOo!i9,O0O 

1 1 

11,000|19,000 


Approximate percentage concentration of fungi on plates 


AcTosialagmuB 










spp. 

<1 

<1 

4 

2 

3 

0 

0 

2 

0 

Aspergillus versi- 










color . 

10 

8 

6 

14 

10 

<1 

2 

0 

0 

Fusarium solani. 

20 

17 

12 

27 

19 

34 

50 

30 

64 

Fusarium spp.... 

7 

8 

4 

2 

6 

3 

2 

<1 

0 

Gliocladium peni- 










dlloides . 

<1 

3 

8 

8 

5 

0 

0 

0 

0 

Monotospora bre- 










vis . 

<1 

3 

4 

2 

2 

0 

0 

0 

0 ' 

Mucor spp. 

2 

4 

2 

5 

1 

6 

1 

5 

6 

Oospora variabilis 

5 

2 

3 

5 

0 

0 

0 

0 

0 

Penicillia, blue- 










green. 

9 

10 

11 

7 

3 

0 

1 

<1 

0 

Penidllium nigri- 










cans . 

2 

4 

4 

2 

2 

1 

1 

1 

2 

Pyrenochaeia sp-. 

14 

11 

10 

10 

12 

27 

30 

17 

14 

Spicaria sp. 

2 

2 

0 

2 

1 

1 

0 

0 

0 

Trichoderma lig- 






\ 




norum . ! 

2 

<1 

1 

<1 

<1 

<1 

3 

<1 

0 

Fungus D1. 

12 

7| 

5 

0 

7 

18 

4 

36 

9 

Fungus D14. 

0 

l| 

4 

2 

6 

<1 

2 

1 

0 

Fungus D30. 

0 

1 

8 

<ll 

6 

0 

0 

2 

0 

Fungus M2. 

2 

1 

1 

li 

0 

0 

0 

1 

0 

Other species*... 

12 

17 

13 

1 

11 

17 

10 

4 

5 

5 


Total number of identified species of fungi 


23 

22 

28 

22 

22 

13 

12 

13 

6 


0 

44 

0 


2 

6 

0 


<1 

19 

0 

0 

23 

1 

0 


‘ Including unidentified fungus colonies. 
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TABLE 3 

Effect of various media and bacterial growth preventives on number and kind of fungi in 

cultivated Hanford sandy loam 


SOIL ZXOIC 2~12-I2tCH DEPTH 

son. zEoic 12-*24 -inos depth 

Peptone-dextrose agar 

61uc(»e>nitrate- 
soil-extract agar 

Peptone-dextrose agar 

GHucose-^nitrate- 
soU-extract agar 

HsSOt 
(pH 4) 

Rose 

bengal 

(1:15,000) 

1 i 
? 1 

ii 

Rose 

bengal 

(1:15,000) 

11 

I1 

H 1 SO 4 

(1^4) 

Rose 

beiutal 

(1:1S^) 

11 

Rose 

bengal 

(1:15,000) 

1 i 
? 1 



1 t 

P< CO 


Rose b 

Strepb 



II 


11 


Approximate number of bacteria (per gram dry soil) capable of growing 

on medium 



0 

205,000 

0 

330,000 

6,000 

• 0 

137,000 

1,000 

190,000 

0 


Approximate number of fungi per gram dry soil 


53,000 

43,000|£8,000 

50,000 

60,000 

30,000 

26,000 

29,000 

25,000 

31,000 


Approximate percentage concentration of fungi on plates 

Acrostalagmus cin- 










A 

nabarinus . 

0 

<1 

2 

1 

<1 

0 


<1 

0 

0 

Aspergillus versi- 











color . 


1 

4 

0 

1 

<1 

<1 

0 

0 

<1 

Fusarium oxy- 











sporum . 


<1 

3 

1 

1 

0 

0 

0 

0 

0 

F, solani . 


5 

7 

13 

6 

9 

8 

8 

4 

10 

Hormodendrum oli- 

■1 










vaceum . 


1 

6 

4 

8 




0 

0 

Monotospora bre¬ 











vis . 

0 

2 

<1 

1 

2 

<1 


<1 

1 

2 

Mitcor spp. 


4 

2 

4 

6 

<1 


1 

<1 

1 

Penicillia, blue- 

■ 










green. 


1 

5 

2 

5 

0 


0 

0 

0 

PenicCllium nigri¬ 











cans . 

24 

33 

33 

22 

35 

25 

23 

25 

30 

23 

P. vinaceum . 

7 

6 

6 

1 

6 

3 

5 

1 

4 

1 

Pyrenochaeta sp... 

22 

22 

20 

36 

17 

37 

48 

40 

45 

49 

Trickoderma lig- 




j 







norum . 

1 

3 

<1 


<1 

0 


‘<1 

0 

1 

Fungus D1. 

14 

15 

8 

5 

9 

23 

12 


10 

11 

Fungus D14. 

0 

0 

2 

1 

1 

0 


1 

0 

0 

Other species*.... 

4 

6 

2 

9 

3 

2 

4 

3 

6 

2 


Total number of identified species of fungi 


13 

13 

18 

15 

16 

H 

6 

12 

7 

11 


* Including unidentified fungus colonies. 













































TABLE 4 

Effect of sulfuric acid and of rose bengal plus streptomycin as bacterial growth preventives on number and kind of fungi in two soils* 
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TABLE 6 


Effect of various bacterial growth preventives on development of streah-plate 
cultures of soil fungi* 




PEPIOKX-DEXX&OSE AGAJt 

■ 


TDNOirS 


HsSOi 
(pH 4) 

Rose 

bensal 

(105^) 

Rose 

bengal 

(1:30,000) 

Str^to- 

mydn 

(SOy/ml.) 

Strepto- 

myciii 

(30y/ml.) 


Rose 

bengal 

(1:15,000) 

Rose 

bengal 

(1:S^) 

Strepto- 

xnycin 

(30Y/inL) 

Acrostalagmus al~ 









bus . 

++++ 

+++ 

+++ 

+++ 

++++ 

++++ 

+++ 

+++ 

dnndbarinus — 

++++ 

+ 

+++ 

+++ 

+ +++ 

++++ 

+++ 

+++ 

A. sp. 1. 

++++ 

++ 

+++ 

++++ 

++++ 

++++ 

++++ 

++++ 

Acroihedum ro~ 









hiLstum . 

++++ 

++ 

+ 

++ 

++++ 

+ + + + 

+++ 

+++ 

Altemaria tenuis ... 

++++ 

+++ 

1 ++ 

+++ 

+ + + + 

++++ 

+++ 

+++ 

Aspergillus can- 









didus . 

++++ 

++++ 

++++ 

++++ 

+ + + + 

++++ 

+++ 

+++ 

A. clavatus . 

++++ 

+++ 

++ 

+++ 

++++ 

++++ 

++ 

+++ 

A. nidulans . 

++++ 

++++ 

+++ 

+++ 

+ + + + 

+ + + + 

++++ 

++++ 

A. niger . 

++++ 

++++ 

+++ 

+++ 

+ + + + 

+ + + 

++ 

+4- 

A, ochraceus, 









strain 1. 

++++ 

++++ 

+++ 

+++ 

++++ 

++++ 

+++ 

+++ 

A. ochraceus, 









strain 2. 


+++ 

++ 

+++ 

+ + + + 

+++ 

++ 

++ 

A. sulfureus . 

++++ 

++++ 

++ 

++++ 

+++ + 

+ + + 

+++ 

+++ 

A. sydowi . 

++++ 

+++ 

++++ 

++++ 

+ + + + 

++++ 

++++ 

++++ 

A. versicolor . 

++++ 

++++ 

++++ 

++++ 

++++ 

+ + + + 

++++ 

++++ 

A. sp. 1. 

++++ 

++++ 

+++ 

++++ 

+ + + + 

+ + + 

++ 

++ 

Botrytis sp. 

++++ 

++++ 

++ 

+ + 

+ + + + 

+ + + 

++ 

++ 

Cephalosporium 









curtipes . 

++++ 

++++ 

+++ 

++++ 

+ + + + 

++++ 

+++ 

H—h++ 

Chaetomium sp. 

4-4-+ 

0 

+ 

+++ 

+ + + 

+ + + + 

++++ 

++++ 

Circinella sydowi ... 
Cladosporium her- 

+++ 

+ 

++ 

++ 

+ + + 

++++ 

++++ 

++++ 

harum . 

++++ 

++++ 

+++ 

++++ 

+ + + + 

+++ 

++ 

++ 

Coremium sp. 

Cinninghamella her- 

++++ 

++++ 

+++ 

+++ 

+ + + + 

+++ + 

+++ 

+++ 

tholleiiae . 

++++ 

++++ 

+++ 

+ +++ 

+ + + + 

+++ + 

++++ 

++++ 

€. ecMnulaia . 

++++ 

++++ 

+++ 

++++ 

+ + + + 

++++ 

+++ 

++++ 

C. sp. 1. 

Cylindrocarpon ra^ 

++++ 

++++ 

+++ 

+++ 

+ + + + 

+++ + 

+++ 

+++ 

dicicola . 

Epicoccum purpu- 

++++ 

++++ 

+++ 

+++ 

+ + + + 

++++ 

+++ 

+++ 

racens . 

Fusarium oxyspo- 

rum . 

F. solani . 

++++ 

++++ 

++++ 

++++ 

+++ 

+++ 

+++ 

+++ 

+++ 

+++ i 

+++ 

+++ 

+ + + + 

+ + + + 
++ + + 

++++ 

+++ 

++++ 

+++ 

+++ 

+++ 

+++ 

+++ 

+++ 

F.sp.Z.... . 

. ++++ 

+++ 

++ 

+++ 

+ + + + 

+++ + 

+++ 

+++ 

-F. sp. 4. 

. ++++ 

•++++ 

++ 

+++ 

+ + + + 

+++ + 

+++ 

+++ 

F. 1^. 6. 

. +++4 

■++++ 

1 +++• 

+++ 

+ + + + 

+++ + 

+++ 

+++ 
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TABLE 6 —Continued 




PEFTONE-DEXTSOSE AGAR 


GlUCOSE-OTTRA^3^^^rlD^alACX 

AGAR 

TUNGTJS 

Plain 

HaS04 

(pH4) 

Rose 
bengal 
(1:15,000) i 

Rose 

bengal 

(1:30,000) 

Strepto* 

mydn 

OOy/ml.) 

Strepto- 
! mydn 
(3(yy/ml.) 

Plain 

Rose 

bengal 

(1:15,000) 

Rose 

bengal 

(1:30,000) 

Strepto¬ 

mycin 

(30y/ml.) 

F. sp. 6. 

++++ 

+ 

+++ 

+++ 

4* 4“ 4* 4" 

++++ 

++++ 

++++ 

jP. sp, 7. 

++++ 

+++ 

+++ 

+++ 

4-+4*+ 

+4-4- 

+4- 

++ 

sp. 8. 

++++ 

+++ 

++ 

++4- 

++4-+ 

++++ 

4-4“ 4- 

4-4-4- 

sp. 9. 

GUocladium peni- 

+++ 

0 

++ 

4-+ 

+ + + 

++++ 

++++ 

4-4-4-4- 

dlloides . 

:++++ 

++++ 

+++ 

4-++4- 

++++ 

4'++ 

4-4-4- 

+++ 

sp. 1. 

HoTTmdendrum da- 

++++ 

+++ 


+++ 

++++ 

++4-+ 

4-4- 

4-4-h 

doeporioides,... 

4-+++ 

++++ 

++++ 

++++ 

++++ 

++++ 

4-4-4-1- 

4—(—1—h 

H, hordei . 

++++ 

++++ 

++++ 

++++ 

l+-f-f+ 

++4-+ 

-1-4-4—h 

++++ 

H, olivaceum . 

++++ 

++++ 

++++ 

+++4- 

rl—1—1—1“ 

++++ 

4-4-4-4- 

4-4-4-4- 

H. pallidum . 

++++ 

4'++4“ 

+ 

4-++ 

4-4-+4- 

+4-++ 

+++ 

4-4-4- 

sp. 1. 

++++ 

+++ 

+++ 

+++ 

-1-4-4-+ 

+4-f+ 

4-4-4- 

+++ 

F. sp. 2. 

++++ 

++++ 

++++ 

++++ 

++++ 

4-+4-1- 

++++ 

4-4-f4- 

Monilia pruinoea .. 

++++ 

+++ 

+++ 

4*4"+ 

++4“+ 

+ 

Trace 

Trace 

Monotoepora brevis. 

+++ 

++ 

+ 

+4-+ 

4*+ 

++4-4- 

4-4-4-4- 

4-4-4-4- 

Mucor sp. 

++++ 

++++ 

+++ 

+++ 

4‘4’4-+ 

4-4-+4- 

4-4-4- 

4-4-4- 

Nematagonium sp. 

++++ 

+++-f 

++ 

++ 

++++ 

4-4-4-+ 

+++ 

4-4-4- 

Oospora variabilis.. 
Penidllium geo- 

++++ 

++++ 

+ 

+ 

++++ 

+ 

Trace 

4- 

philum . 

+H—1-+ 

++++ 

+++ 

+++ 

++++ 

++++ 

+++ 

+++ 

P. humicola . 

++++ 

++++ 

++++ 

++++ 

++++ 

+++ 

+++ 

+++ 

P. liladnum . 

++++ 

++++ 

+++ 

+++ 

-4-+++ 

++++ 

+++ 

+++ 

P. nigricans . 

++++ 

++++ 

++-f 

-f++ 

++++ 

++++ 

+++ 

+++ 

P. restrictum . 

++H—h 

++++ 

+++ 

+++ 

++++ 

++++ 

+++ 

+++ 

P. variahiU . 

++++ 

++++ 

++ 

++ 

++++ 

+++ 

++ 

++ 

P. vinaceum . 

++++ 

++++ 

+++ 

+++ 

++++ 

++++ 

+++ 

+++ 

P. sp. 3 . 

+-I-++ 

++++ 

++ 

++++ 

++++ 

++ 

++ 

++ 

P. sp. 4. 

++++ 

++++ 

+++ 

+++ 

++++ 

+++ 

++ 

++ 

Phoma sp. 

Pyrenochaeta de- 

++++ 

+ 

+ 

+++ 

++++ 

++++ 

+++ 

+++ 

dpi&ns . 

++++ 

+++ 

++ 

++ 

++++ 

++++ 

+++ 

+++ 

j®- sp- 1. 

++++ 

++++ 

+++ 

+++ 

++++ 

++++ 

+++ 

+++ 

Rhizopus nigricans 

++++ 

+++ 

++ 

++ 

++++ 

++ 

+ 

+ 

Sclerotium sp. 

+++-1- 

++++ 

++ 

-4-+ 

++++ 

++++ 

+++ 

+++ 

Spicaria divaricaia 

++++, 

++++ 

+++ 

+++ 

++++ 

+ 

Trace 

Trace 

iSf.sp. 1. ; 

Stemphylium con- 


++++ 

++++ 

++++ 

++++ 

++ 

++ 

++ 

sortiale . 

++++ 

++ 

++ 

+++ 

++++ 

++++ 

+++ 

+++ 

S. piriforme . 

++++ 

++ 

+++ 

+++ 

++++ 

++++ 

+++ 

+++ 

5. sp. 1. 

++++ 

++++ 

++ 

+++ 

++++ 

++++ 

4—1—h 

+++ 

Stysanus stemonites 
SyncephalcLstrum 

++++ 

Trace 

+++ 

++++ 

++++ 

++++ 

++++ 

++++ 

racemosum 

++++ 

H—H- 

+++ 

+++ 

++++ 

+++ 

+++ 

+++ 
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TABLE 5--^(mHnued 


vumuB 

ESPTOMX-DSZTEOSX AOAS 

GlnCOSX-lnIRAII^•6aX]>-XXISACT 

AGAK 

Plain 

HsS04 

<PH4) 

Rose 

bengal 

(1:15,000) 


strepto¬ 

mycin 

(SOr/ml.) 

Plain 

Rose 

bengal 

(1:15,000) 

Rose 

bengal 

(1-^0) 

Str^to- 

mycin 

( 307 /ml. 

ThieleviopHa ha~ 









aicola . 

++++ 

++++ 

++ 

++ 

++++ 

++ 

+ 

+ 

Torula sp, 1. 

++++ 

++++ 

+++ 

+++ 

++++ 

++++ 

+++ 

+++ 

r. sp. 2 . 

++++ 

++++ 

++ 

4'++ 

++++ 

++++ 

+++ 

+++ 

Trichoderma ho- 









ningi . 

++++ 

+++4- 

+4- 

++ 

++++ 

++++ 

++ 

4-4"i- 

T, lignorum . 


++++ 

++ 

++ 

++++ 

++++ 

+++ 

+++ 

Volutella sp. 1. 

++++ 

++++ 

+++ 

+++ 

++++ 

++++ 

+++ 

+++ 

F. sp. 2. 

++++ 

++ 

4“++4* 

++4-4 

++++ 

4“4-4“ 

+++ 

+++ 

Fungus D1 . 

++++ 

+ +++ 

++ 

+++ 

4-4-4-4- 

++++ 

4-4—f 

+++ 

Fungus D3. 

++++ 

+++ 


+ 

4-4-4-4- 

+++ 

+ 

+ 

Fungus D6 . 

++++ 

+ +++ 

++ 

++++ 

++++ 

+++ 

++ 

-h4- 

Fungus D7. 

++++ 

+ + + + 

+++ 

+++ 

++++ 

++++ 

++++ 

++++ 

Fungus D8. 

++++ 

++++ 

++++ 

4“ 4“ 4* 4- 

++++ 

4-4- 

++ 

++ 

Fungus D9. 

++++ 

+++ 

+++ 

4-4-4- 

++++ 

++++ 

+++ 

+++ 

Fungus DIO. 

++++ 

++++ 

++ 

+++ 

4-4—f* 4- 

4-4—i-4- 

+++ 

+++ 

Fungus D12. 

++++ 

+ +++ 

+++ 

+++ 

++++ 

++++ 

+++ 

+++ 

Fungus D13. 

++++ 

+++ 

+++ 

+++ 

++++ 

++++ 

+++ 

+++ 

Fungus D14. 

++++ 

Trace 

+++ 

++++ 

++++ 

++++ 

++++ 

++++ 

Fungus D15. 

++++ 

Trace 

+ 

+++ 

++++ 

++++ 

++ 

++++ 

Fungus D16. 

++++ 

++ 

++ 

++ 

++ 

+++ 

++ 

++ 

Fungus D17. 

++++ 

++ 

+++ 

++++ 

++++ 

+++ 

++ 

++ 

Fungus D18. 

++++ 

+++ 

++ 

++ 

++++ 

+++ 

++ 

++ 

Fungus D19. 

++++ 

Trace 

+ 

++ 

++++ 

++++ 

+++ 

++++ 

Fungus D20. 

++++ 

++++ 

++ 

++ 

++++ 

+++ 

++ 

++ 

Fungus D21. 

++++ 

++++ 

++ 

++ 

++++ 

++++; 

+++ 

+++ 

Fungus D22. 

++++ 

Trace 

Trace 

++++ 

++++ 

++++ 

+++ 

++++ 

Fungus D24. 

++++ 

++++ 

+++ 

+++ 

++++ 

+++ 

+++ 

4—H" 

Fungus D25. 

++++ 

++++ 

+++ 

++++ 

++++ 

++++ 

++++ 

++++ 

Fungus D26. 

++++ 

+++ 

+++ 

+++ 

++++ 

+++ 

++ 

++ 

Fungus D27. 

++++ 

+++ 

++ 

++ 

++++ 

++++ 

++++ 

++++ 

Fungus D28. 

++++ 

+ 

++ 

+++ 

++++ 

++++ 

++ 

+++ 

Fungus D29. 

++++ 

+ 

Trace 

+++ 

++++ 

++++ 

+ 

+++ 

Fungus D30, strain 









1. 

++++ 

+++ 

+++ 

+++ 

++++ 

+++ 

++ 

++ 

Fungus D30, strain 

1 








2. 

++++ 

+ 

+++ 

+++ 

++++ 

++++ 

+++ 

+++ 

Fungus Ml. 

+H— 1 -+ 

++++ 

+++ 

+++ 

H— 1 -+ 

++++ 

+++ 

+++ 

Fungus M2. 

++++ 

++++ 

+ 


++++ 

++++ 

++++ 

+4-4-4- 

Fungus M3. 

++++ 

• +++ 

++ 

++ 

++++ 

++++ 

+4-+ 

4-4-4- 

Fungus M4. 

++++ 

• Trace 

+++ 

+++ 

++++ 

++++ 

\ i i 

++++ 

-j 1 

++++ 

Fungus M6. 

++++ 

• ++ 

++ 

++ 

++++ 

++++ 

++ 

++ 

Fungus M6. 

++++ 

• +++ 

++ 

+++ 

++++ 


4- 

4 . 

Funffus M9. 

—f" 

++ 

+ 

++ 

+++ 

++++ 


j [■■4-4- 


















































PLATE METHOD POE SOrL-PLTNGUS STUDIES 


227 


T A R X iTi 5 —CoTichided 


FUNGUS 

P£FTONE*D£XTSOSE AGA£ 

1 QLUCO£S;-I4ITSAaX-SOfIL-SXTSACT 
AOAX 

Plain 

HsS04 


Rose 

bengal 

(1:30,000) 

Strepto¬ 

mycin 

(307/ml.) 

Strepto¬ 

mycin 

(307/ml.) 

Plain 

Rose 

bengal 

(1:15,000) 

Rose 

bengal 

(1:30,000) 

Strepto¬ 

mycin 

(307/ml.) 

Fungus MIO. 

++++ 


-I-+ 

-i-i-t- 


+++ 

+ 

+++ 

Fungus Mil. 

++++ 

+++ 

+++ 

+-1-I- 

++++ 

-i-++-f- 

++++ 

++4“+ 

Fungus M12. 

++ 

0 

Trace 

+ 

++ 

++-i-i- 

++++ 

++++ 

Fungus M13. 

+4-1-+ 

4" 

++ 

-i-i-i- 

-l-i-+4- 

-I-4-++ 

+++ 

+++ 

Fungus M14. 

+++ 

Trace 

+ 

+++ 

-1-H- 

++-1-+ 

++++ 

++++ 

Fungus M15. 


+++ 

-+•++ 

+-H- 

-H-1- 

+4-1- 

+++ 

+++ 

Fungus M16. 


++++ 

-f-i-f- 

+++ 

-I-+-I-+ 

++ 


+ 


• 0 =« no apparent growth; + — very poor growth; ++ •>= fair growth; +++ “ good 
growth; ++++ — excellent growth. 


plus 30 y per milliliter of streptomycin exerted a similar influence. Streptomycin 
alone had virtually no effect on growth of the fungi. Only 4 cultures appeared 
to be sli^tly retarded by its presence. 

In glucose-nitrate-soil-extract agar, rose bengal and rose bengal plus strepto¬ 
mycin produced an effect similar to that in the peptone-dextrose agar, except 
that the development of sli^tly fewer fungi was reduced. 

Seven cultures of fungi grew poorly on plain ^ucose-nitrate-soil-extract agar 
but made excellent growth on plain peptone-dextrose medium. On the other 
hand, 1 culture grew poorly on plain peptone-dextrose medium and veiy vig¬ 
orously on the glucose-nitrate-soil-extract agar. 

Spore suspensions of the fungus cultures that failed to develop or that grew 
poorly on one or more of the media named in table 5 were diluted and plated in 
replicas of four on the same media. After incubation, the apparent number of 
^res in the oii^nal suspensions was calculated (table 6). On acidifled peptone- 
dextrose agar, 12 cultures failed to produce colonies. An additional 5 cultures 
produced reduced numbers of pinpoint colonies upon prolonged incubation, and 
probably would be overlooked in a regular soil plating. On the same medium 
containing rose bengal, 1 culture failed to produce colonies, and 4 cultures pro¬ 
duced pinpoint colonies upon prolonged incubation. On the medium containing 
rose bengal and streptomycin only 2 cultures were affected suJBSciently to reduce 
the number of colonies and to allow only growth of pinpoint colonies after a 
relatively long incubation period. The results with glucose-nitrate-soil-extract 
agar were similar to those with peptone-dextrose agar. 

The relative rate of spreading of Trichaderma lignorum, Rhieopus nigricans, 
and CunmnghameUa herMUeMae on the various media was tested. All media 
containing rose b^igal sli^tly retarded the spreading of C. herOwUeliae and very 
markedly reduced the rate of growth of the other two fun^. 
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TABLE 6 

Comparative counts of spore suspensions of soil fungi on various media with and without add, 
rose bengal, and rose hengal plus streptomycin 


NUMBER OR FUNGI IN ISOUSANDS FER ML. OF SPORE SUSPENSION 



Peptone-dextrose agar 

Glucose-nitrate-soil-extract 

agar 

FUNGUS 

Plain 

HiSOi 
(pH 4) 

Rose 

bengal 

(1:15.000) 

Rose 

bengal 

Strepto¬ 

mycin 

(30y/ml.) 

Plain 

Rose 

bengal 

(1:15,000) 

Rose 

bengal 

(1:30,000) 

■ Strepto¬ 
mycin 
(30r/ml.) 

Acrostalagmus cinna- 








barinus . 

29 

0 

31 

27 

29 

30 

27 

Acrothecium robustum . 

3 

3 

3* 

3 

3 

3 

4 

Aspergillus ochraceus . 

58 

59 

64 

56 

61 

61 

62 

Chaetomium sp. 

79 

0 

88 

81 

77 

77 

75 

Cirdnella sp. 

95 

47* 

99 

100 

87 

S3 

94 

Fusarium sp. 6. 

128 

0 

130 

122 

107 

122 

134 

P. sp. 9. 

83 

0 

82 

91 

98 

78 

94 

Hormodendrum pallidum _ 

116 

90 

92* 

83 

93 

94 

97 

Monilia pruinosa . 

10 

9* 

9 

11 

7* 

6* 

6* 

Monotospora brevis . 

3 

3 

3* 

4 

3 

3 

3 

Oospora variaMlis . 

67 

63 

66 

72 

49* 

50* 

49* 

Fenicillium variahile . 

181 

190 

120 

191 

183* 

182* 

174* 

Phoma sp. 

4 

4t 

0 

4 

6 

5 

5 

Rhizopus nigricans . 

14 

13 

15 

14 

13* 

11* 

12* 

Spicaria divaricaia . 

18 

19 

19 

20 

13* 

13* 

16* 

Stysanus stemonites . 

8 

0 I 

11 

8 

8 

7 

8 

TMeleviopsis basicola. 

14 

8 

15 

18 

-t 

-t 

-t 

Fungus DS. 

6 

6 

5 

4 

5 

6 

4 

Fungus D6. 

4 

4 

4 1 

4 

4 

3 

4 

Fungus D8. 

21 

22 

23 

22 

22 

20 

21 

Fungus D14. 

7 

3t 

7 

7 

7 

6 

7 

Fungus I>15. 

6 

0 

7 

8 

7 

7 

8 

Fungus D17. 

4 

3 

3 

3 

4 

5 

5 

Fungus D19. 

13 

It 

14 

19 

15 

12 

! 16 

Fungus D22. 

10 

0 

3t 

7t 

8 

7 

9 

Fungus D28. 

91 

0 

86 

88 

94 

86 

85 

Fungus B29. 

8* 

0 

5t 

8* 

9 

8 

8 

Fungus D30, strain 1. 

80 

79 

81 

88 

81 

78 

87 

Fungus D30, strain 2. 

46 

47t 

46 

43 

39 

41 

48 

Fungus !M2. 

8 

6 

<lt 

<lt 

5 

4 

6 

Fungus M4. 

102 

lit 

^ * 1 
104 

95 

92 

88 

87 

Fungus M6. 

42 

46 

41 

46 

51 

51 

43 

Fungus M9. 

48 

52* 

45* 

47 

49 

47 

48 

Fungus MlO. 

94 

0 

90 

84 

88 

92 

89 

Fungus M12. 

9 

0 

3t 

7* 

7 

7 

8 

Fungus M13. 

201 

208 

207 

215 

198 

202 

216 

Fungus M14. 

13* 

0 

10* 

11* 

11 

10 

12 


* Poor growth. 

t Slo'w germination; pinpoint colonies; little or no spore formation. 
t Growth so poor and difEuse that colonies could not be distinguished. 
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DISCUSSION 

Although it is hi^y improbable that a medium will be found which will pre¬ 
vent the growth of bacteria and actinomycetes and allow the development of all 
soil fungi, any improvement in the present procedures for determining numbers 
and kinds of soil fungi would be welcomed by most investigators. The produc¬ 
tion of antibiotics and the work of Smith and Dawson (4) and of Littman (3) 
have opened the way for definite progress in this respect. The present paper re¬ 
ports a study of the use, in suggested and new combination, of several of the 
recently proposed substitutes for acid in fungus media, for preventing bacterial 
growth and in other ways improving the media. 

Littman’s oxgall agar containing 1 :100,000 crystal violet and 30 7 per milli¬ 
liter of streptomycin proved to be an excellent medium for determining total 
numbers of fungi. The growth of some forms is retarded so greatly, and the color 
is so intense, however, that a considerable proportion of the colonies must be 
transferred to other media before identification can be made. The substitution 
of 1:30,000 rose bengal for the crystal violet improves the medium in this re¬ 
spect. In either case the oxgall agar has no particular advantage over the less 
concentrated peptone-dextrose agar containing rose bengal and streptomycin. 

Rose bengal used alone in a concentration of 1:15,000, as proposed by Smith 
and Dawson, was very effective in reducing spreading and in decreasing the size 
of the majority of fungus cultures tested. Of 117 fungi, only 5 made extremely 
poor growth in presence of this dye. The forms affected were found only oc¬ 
casionally and always in veiy small numbers in the soils used for these studies. 
On plates containing 1:15,000 rose bengal, very few bacterial colonies developed 
from some soils; from other soils moderate numbers grew; and from still others 
such large numbers developed that the growth of some fungi was prevented. In¬ 
asmuch as Smith and Dawson did not encounter this difficulty, it would appear 
that many of the soils of southern California contaui larger numbers of bacteria 
tolerant to rose bengal than do the eastern soils used by those investigators. 

Most bacterial colonies were larger on glucose-nitrate-soil-extract agar (see 
figure 1 ) than on peptone-dextrose agar. In general, the numbers of bacteria 
capable of producing colonies on soil-dilution plates containing either agar with 
1:15,000 rose bengal were similar. These observations differed from those of 
Smith, and Dawson, who found that bacterial numbers and size of colonies were 
larger on the peptone-dextrose medium. This possibly indicates that the types 
of bacteria in the soils used are different, or that the soil extracts differ. 

Streptomycin alone allowed relatively large numbers of bacteria to develop 
on the plates and failed to reduce spreading. For most soils tested, it was nec¬ 
essary to use a combination of rose bengal and streptomycin to obtain the de¬ 
sired results. The addition of 30 y per milliliter of streptomycin to the media 
containing 1:15,000 rose bengal virtually eliminated all bacterial growth on 
dilution plates from most soils. The concentration of the dye was reduced to 1 
part in 30,000, with almost equally favorable results. Occasionally, a soil was 
found which gave a few bacterial colonies. No soils have yet been encountered, 
however, which contained enough bacteria capable of developing on this medium 
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to interfere with or reduce fungus counts. Identification of fungi was less diffi¬ 
cult on the agar containing only 1:30,000 rose bengal. 

Although glucose-nitrate-soil-extract agar containing rose bengal and strep¬ 
tomycin proved to be an excellent medium, the peptone-dextrose agar containing 
the same materials gave somewhat more satisfactory results. This conclusion 
is based on the tendency of the few bacterial colonies that occasionally developed, 
and of some of the fungus species, to form larger colonies on the glucose-nitrate 
medium. 

In plating some soils, the only advantage of using rose benpl and streptomycin 
in place of acid was the reduction in size and spreading of a number of the fimgus 
colonies. In these soils very few or no species of fungi were found which would 
grow on the rose-bengal-streptomycin medium and not on the acid agar. In most 
of the soils, however, a small to large proportion of the colonies developing on 
the rose-bengal-streptomycin medium were types which would not grow on the 
acid medium. In platings of these soils, total numbers of colonies were often 
much lower on the acid medium, ranging from slightly reduced numbers to less 
than half the number developing on the rose-bengal-streptomycin medium. Of 
117 cultures tested, 11 fmled to grow or produced only a trace of growth when 
streaked on acid peptone-dextrose agar, and 8 cultures grew very poorly. When 
spore suspenaons of these same 19 cultures were plated, 12 failed to form colonies, 
and 5 produced reduced munbers of pinpoint colonies upon prolonged iacubation 
on the acid agar. These would probably be overlooked on regular soil plates for 
fungus determinations. Of these 17 furgi, 6 were isolated in relatively high con¬ 
centration from one or more soils, and 4 of these fungi constituted a large part 
of the fungus population of many soils. Stysanus stemonites, for example, has 
been encoimtered only twice in thousands of platings of southern California 
soils on acid agar. By use of the same medium with rose bengal and streptomycin 
in place of the acid, this species has been isolated from nearly all soils plated 
and has accounted for 20 to 36 per cent of the fungus colonies in some samples. 

The substitution of rose bengal and streptomycin for sulfuric acid in fungus 
fgar has thus increased the kinds of fungi isolated by approximately 14 per cent 
and has increased numbers as much as 100 per cent. It appears that the greater 
part of the increased coimt is due to development of types which are sensitive 
to the acid. Part of the increase is undoubtedly caused by the reduction of spread¬ 
ing and of rapid growth of many cultiues by the rose bengal. 

As a result of this investigation, peptone-dextrose agar containing 1:30,000 
rose bengal and 30 y per milliliter of streptomycin is now used in this laboratory 
for new studies involving soil plating for the determination of numbers and kin<^ 
of soil fun^. For investigations already under way, in which acid agar was used 
at first, borfi media are now employed. Should soils be encountered which con¬ 
tain relatively laige numbers of bacteria capable of growing on the rose-bengal- 
streptomycin medium, it may be possible to prevent such growth by increasing 
the concentration of rose bengal. 

A disadvantage of the rose-bengal medium, in comparison with the acid me¬ 
dium, is that the dye makes it a little more difiicult to identify some fungi which 
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could ordinarily be identified on the original plates. Until one becomes familiar 
with the growrii characteristics of the fungi commonly encountered in the soils 
of an area, it is therefore necessary to transfer more colonies to other media 
than when using the acid medium. 

The chemical and physical properties of streptomycin, as compared with other 
common antibiotics (7), make it especially favorable for use as a bacterial growth 
inhibitor in fungus agar. The cost is low, and a sterile solution can be stored in 
the refrigerator for several months. To prevent destruction by heat, the strep¬ 
tomycin is added to the medium just before the plates are poured, as is the usual 
practice when adding acid to fungus media. 

SUMMABT 

A study was made of the comparative use, sin^y and in various combina¬ 
tions, of acid, rose bengal, and streptomycin as bacterial growth inhibitors in 
vmious fungus media for determining numbers and kinds of soil fungi by the 
dilution plate method. 

A concentration of 1:15,000 rose bengal in glucose-nitrate-soil-extract agar, 
peptone-dextrose agar, and peptone-dextrose-oxgall agar prevented growth of 
most bacteria in some soils. Other soils, however, contained relatively large 
numbers of bacteria capable of developing on media containing rose bengal alone. 
In many instances fungus coimts were significantly lowered. A combination of 
1:15,000 or 1:30,000 rose bengal and 30 y per milliliter of streptomycin in all 
three media, and a combination of 1:100,000 crystal violet and 30 y per milliliter 
of streptomycin in the oxgall medium, virtually eliminated bacterial growth from 
all soils tested. Streptomycin alone had a slightly inhibiting effect on only 2 of 
117 cultures of fungi; rose bengal had little effect other than in reducing the size 
of the colonies. 

On the basis of ease of identification of the fungi, size of the few bacterial 
colonies that occasionally developed, numbers and kinds of fungi, and size of 
the fungus colonies, peptone-dextrose agar containing 1:30,000 rose bengal and 
30 y per milliliter of streptomycin was rated the best medium for soil-fungus 
plating. By use of this medium, the numbers of fungi found in the soil were in¬ 
creased as much as 100 per cent, and the kinds of fungi isolated from a relatively 
large number of samples were increased by approximately 14 per cent, in com¬ 
parison with those found by use of the same base medium containing acid. Most 
of the increase in numbers resulted from growth of types of fui^ that would not 
develop on the acid medium, and part of the increase was caused by a reduction 
in ^reading and size of many fungus colonies. Six fungi tiiat were consistently 
isolated in rdatively large concentrations on the new medium were rarely or 
never isolated on the acid agar (pH 4). 
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Many methods for determining minute quantities of certain elements involve 
use of an organic reagent that reacts with the element in question. The com¬ 
pound thus formed is soluble in some organic liquid virtually immiscible with 
water. When the aqueous solution of the compound is vigorously shaken with 
the organic liquid, the element in question is thereby concentrated and isolated 
from the mass of water and dissolved material. The volume of such work required 
in some analytical procedures involves so much shaking as to make a mechanical 
shaker virtually mandatory. Such a shaker, when made to simulate the best 
manual shaking, saves time, relieves the analyst of much arduous work, and 
makes possible a standardized uniform shaking not obtainable by hand method. 
The mechanical shaker described here is highly eflScient, since it may be set to 
run at a uniform rate for a definite time. This provides the thorough shaking 
essential for accurate results. 

Extracts for determining copper, lead, and zinc in soils and plants by the 
dithizone (diphenylthiocarbazone) system (1, 2) can be prepared best with a 
mechanical shaker. The apparatus described here has been found to be well 
adapted for use in making these determinations. It is useful in a wide variety of 
methods involving two mutually immiscible liquids. Other special applications 
in which it has been used at this station include: (a) separation of inorganic 
phosphorus in plant material by the general procedure of Pons and Guthrie 
(3), (b) use in certain steps of the colorimetric determination of DDT (2,2-bis 
p-chlorophenyl 111-trichloroethane) (4), (c) hastening dispersion of soil colloids 
in kinetic equilibrium and sedimentation studies; in this work test-tubes were 
used as containers and were mounted in an improvised holder fastened to the 
back of the panel. 

The requisites of the shaker are that it hold, in an inverted position, six or 
more Squibb type separatory funnels of 125-ml. capacity, and shake them with a 
stroke of about 2 inches at a rate of approximately 300 strokes per minute. 
The panel may be equipped to hold other containers, and the stroke may be 
easily adjusted between 0 and 4 inches. 

Figure 1 is a working drawing of the shaker with mounted inverted separatory 
funnels. The numerals refer to the parts described in table 1. The funnels are 
mounted on shelf 25, and are held firmly in place against the momentum of the 
stroke by bracket 27. The stopper is kept pressed in the funnel by bracket 28. 
It is essential that there be more tension on brackets 27 and 28 so that the funnel 
will be held firmly against the seat of shelf 25. It is also important that the 

^ The authors are grateful to E. S. Shipley, mechanic in the instrument shop of the Di¬ 
vision of Soil Management of Irrigation, for the fabrication and assembly of materials used 
in construction of this shaker. 


233 



234 


B. S. HOLMBS AND J. F. HULLINS 


TABLE 1 

BiU of materials for vetiicaH shaker 


PABT 

NO. 

'muSER 

KE- 

QUZSSD 

NAICS OF FAST 

ICATBKXAL 


1 

1 

Stand 

ir X li^ X r angle 
iron 

164^^ wide, 7r high, 30^ 
long 

2 

1 

Motor 


i H.P.—1,726 r.p.in. 

3 

1 

Driving pulley-V type 


2^' 0. D. 

4 

1 

Driven pulley-V t3rpe 


12^ 0. D. 

5 

1 

belt 


60^ long 

6 

1 

Shaft 

Steel 


7 

1 

Collar 

Steel 


8 

2 

Pillow block 

Steel 


9 

2 

Sleeve bearing 

Bronze 


10 

1 

Slotted disc for adjust¬ 
able eccentric pin 

Steel 


11 

12 

1 

1 

Eccentric pin, bolt, 
and nut 

Stop screw 

Steel 


13 

1 

Washer 

Steel 

If' X »' X i' 

14 

1 

Crank pin sleeve 

Steel 


16 

1 

Connecting rod 

Steel 


16 

1 

Crank pin bearing 

Bronze 


17 

1 

Crosshead bearing 

Bronze 


18 

1 

Crosshead pin and nut 

Steel 


19 

1 

Washer 

Steel 

ir xtt'xr 

20 

1 

Crosshead bar 

Steel 

nr X 2^ X 4^" 

21 

1 

Crosshead panel frame 

X X Angle iron 


22 

2 

Guide posts and nuts 

Steel 

D X 28^^ long, 
threaded f ^ each end 
for r S.AJE., std. 
nuts 

23 

4 

Rouiners 

Fiber 


24 

1 

Panel 

Wood llj^ X 19^ 

Fastened into frame 
with screws 

25 

1 

Shelf 

Wood nr X 2r X r 

Fastened to panel 
with screws 

28 

1 

Shelf 

Wood nr X 2r X r 

Fastened to panel 
with screws 

27 

28 

7 

7 

Brackets 

Stop brackets 

Spxing, bronze 

0.045^ thick 

29 

3 

Braces for guide posts 

r X r Angle iron 

Cut to fit, flattened, 
drilled 


brackets be adjusted to permit easy removal of the funnels. The bronze brackets 
may be chromium-plated; if not, they should be kept covered with a resistant 
laquer, otherwise the bronze becomes corroded and is likely to contaminate 
samples with copper and zinc. Bracket 26, which holds the stopper in place, 
^ould be cudiioned with a ti^tly fitting sleeve of rubber tubing, the outer 
end of which is sealed. The end of the tubing may be sealed by applying rubber 
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Fig. 1. Vertical Shaker with Mounted Incbrted Separatory Funnels 
Numbers refer to parts described in ta})le 1. 
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Fig. 2. Side View op the Assembled Shaker with Time Switch 

cement within the end of the tube and placing it in a Hoffman clamp overnight. 
Figure 2 shows the assembled apparatus with time switch. Any good automatic 
time sT\dtch should be satisfactory. 
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One of the promising methods for study of soil, plant, and other biological 
systems involving trace elements is measurement of ion activities. The complica¬ 
tions which might arise are so numerous, however, that each individual case 
deserves detailed investigation before the usefulness of any one technique can 
be generally accepted or discounted. As the importance of copper in most biologi¬ 
cal systems has been recognized, the possibilities of determining cupric-ion 
activities in such systems and of correlating the results with known chemical 
and biological behavior have been explored. 

Many previous investigators have used two-phase copper amalgam electrodes 
for studjring the activity coefficients of pure copper solutions and determining 
the standard potential of copper. Such works have been ably summarized by 
Macinnes (11), but no one has further investigated the possibilities of the copper 
amalgam electrode. Even the properties and behavior of the amalgam itself 
have been little studied. Nielsen and Brown (14) used a two-phase copper 
amalgam and reported that its potential is independent of the relative quantities 
of copper and mercury within wide limits. Newberry (13) has reported that the 
potential between pure copper and two-phase copper amalgam is zero. Lewis 
and Lacey (8) concluded that oxidation in the copper electrode owing to the 
presence of air plays no important role, as shown by the fact that similar results 
could be obtained in both presence and absence of oxygen. Luther and Wilson 
(10) have foimd that no special precautions are needed against atmo^heric 
oxidation at the copper electrode. They reported the equilibrium constant value 
Cu"*^ 

for ^ the presence of metallic copper at 25°C. as 1.5 X 10®. These reports 

from earlier literature indicate the posribility of using a two-phase copper 
amalgam for the measurement of cupric-ion potentials without resorting to 
tedious precautions. 

The purpose of this paper is to describe the construction of a two-phase copper 
amalgam electrode and to show its applicability to a study of the activity of 
copper in soil systems. 

UATSSBIAJS AND METHODS 
PreparoMon of the amalgam 

Triple distilled mercury and sheet dectrol 3 rtic copper of hi^ purity were 
used in preparing the amalgam by eleetrolyas. The electrol 3 rtic vessel consisted 

1 Contribution from the Department of Agronomy, New York State College of Agricul¬ 
ture at Cornell University, Ithaca, N. Y. 

* Assodate Professor of Soil Sdenoe and Government of India Scholar respectively. 
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of a tall 600-ml. pyrex beaker of about 40 sq. cm. cross-sectional area. Into the 
beaker was poured 100 ml. of mercury, which formed the cathode pool. A half¬ 
molar solution of copper sulfate, acidified with sulfuric acid to a value between 
pH 3.0 and 4.5, was poured over the mercury as the conducting medium. A 
copper anode of about 30 sq. cm. was dipped into this solution. Electrical con¬ 
tact with the mercury cathode was made by means of a platinum electrode dipped 
into the pool. A current density of about 5 amperes per square decimeter of 
mercury was used. Stirring the mercury with a motor-driven stirrer during the 
electrolysis is advantageous because it decreases the tendency to form a lumpy 



Fig. 1. Diagrammatic Sketch of Copper Amalgam Electrode 

amalgam. The exact strength of the copper amalgam is immaterial, as discussed 
later in this paper, but a 1 to 2 i)er cent amalgam is satisfactory from all points 
of view. Higher concentrations tend to give frequent troubles in handling and 
manipulation of the electrode. The amalgam was washed with copper sulfate 
solution, the strength of which seems to be unimportant, although Adams 
and Brown (1) used a copper sulfate solution of specified strength for washing 
the amalgam, as have all subsequent investigators. 

Description of electrode 

A diagrammatic sketch of the electrode used is given in figure 1. A is an 
amalgam reservoir made of Pyrex glass and of any desired capacity. A tube of 
5 mm. outside diameter is sealed to the lower end of the reservoir and bent as 
shown in the diagram. By opening stopcock B, the drops of amalgam can be 
renewed at will. At C below the stopcock, is a tungsten contact which provides 
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electrical connection with the amalgam. D is a saturated calomel half cell, the 
salt-bridge arm of which is drawn into a iSne capillary at the free end and bent 
upward as shown. This is to prevent mixing of the solution from the beaker with 
the KCl. By opening stopcock H occasionally, any particles that clogthe capillary 
can be driven out and the KCl contact renewed. Above stopcock H the tube 
is drawn into a capillary to prevent excessive flow of KCl solution when the 
stopcock is opened momentarily. This would often be necessary when making 
readings on suspensions of clays and organic matter. Stopcock E must be kept 
open when making measurements. A beaker containing the solution or suspension 
is brou^t below the electrode on an adjustable stand. A motor-driven stirrer 
F is used to stir the suspension. By careful construction of the electrode, it is 
possible to make measurements on small volumes of solutions contained in 16- 
or 20-ml. beakers. In soil and plant work, use of a 50- or 100-ml. beaker is con¬ 
venient. 

The tube of the amalgam reservoir is first filled by dipping the free end under 
amalgam in a beaker, opening stopcock jB, and pulling air through Q. The 
reservoir is then filled with amalgam by pouring it through the ground glass 
opening at the top. A thin layer of copper sulfate solution is poured over the 
amalgam, which protects it from deterioration due to atmospheric contact. 
It is advisable to jfilter the amalgam through capillary tubing before introducing 
it into the electrode. This setup is stable for several months. 

An ordinary student’s potentiometer was used to make potential readings and 
a galvanometer of sensitivity 0.5 mv. for indication of null point. Hi^er degrees 
of precision are unwarranted in such systems because of the uncertainty of 
liquid junction potentials. 

The spent amalgam was recovered by elutriation with water. Pure mer¬ 
cury was recovered from this collected bulk by stirring under a solution of 
dilute HNO3 and HgNOs for 3 days, wadiing through dilute KOH and distilled 
water in long columns, and distilling three times under hi^ vacuum, maintaining 
a still surface. This purified mercury could be used over again, with practically 
no waste. 


Cell Arrangement 

Measurements were made on the following cell: 

Hg; Hg 2 Cl 2 (S), KCl(sat.):: Cu^; (Hg) Cu 

The copper electrode reaction is Cu*^ Cu. The potential of the cell is given 
by the equation. 


E — Eq 


0.059 


log 


(Cu-^) 


In this equation (Cu++) represents cupric-ion activity on the molal scale, jE/o, 
the standard potential of the cell and jB, the total potential of the cell. Bo has 
the value 0.099 volt (3). 
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Cupric-ion activities were expressed as pCu values, which are defined as 
minus logic of active cupric-ion molality. For a solution of copper sulfate, it is 
minus logic of the cupric-ion molality multiplied by its activity coeflicient. 

EXPEEIMENTAL BESULTS 

Measurementa of cupriown adivities in pure copper solutions 

Standard solutions of copper salts were prepared with Pyrex-distilled water. 
The potentials of these solutions were compared with the calculated values ob¬ 
tained by using activity coefficients reported by Lewis and Bandall (9). The 


TABLE 1 

Results of measurements with standard cop'per solutions 


SALT 

tioxAim 

IONIC STSSNGTH 

ACTIVITY 

COEFFICIENT 

£ 

Observed 

Calculated 

Deviation 





me. 

wo. 

ms. 

CuSOi 


0.001 

0.78 

-8 

-10 

2 


0.0025 

0.01 

0.60 

19 

16 

3 


0.005 

0.02 

0.53 

25 

23 

2 


0.0125 

0.05 

0.43 

35 

33 

2 


0.025 

0.1 

0.34 

40 

38 

2 

CuCl, 


0.001 

0.78 

-6 

-7 

1 



0.01 

0.60 

18 

18 

0 



0.02 

0.53 

29 

27 

2 



0.05 

0.43 

39 

36 

3 



0.1 

0.34 

41 

40 

1 

Cu{NO,)a 


0.001 

0.78 

-5 

-7 

2 



0.1 

0.34 

41 

40 

1 

Mixture of 

.... 

0.0009 

0.78 

-7 

-9 

2 

above three 








results obtained are given in table 1. It is seen from these that the observed po¬ 
tentials agreed within 2 or 3 mv. of the calculated values, which is well within 
liquid-junction errors. It is clear from these results that the standard potential 
of the amalgam is the same as that of pmre copper metal. 

Adiviiy measurements on complex copper salts and insoluble copper compounds 

The cupric-ion activities of several copper compounds were measured by 
means of the electrode. The reliability of the readings was tested from time 
to time by checking the electrode against a standard solution of copper sul¬ 
fate, 0.025 M, which has a potential betwe^ 38 and 40 mv. at room t^perature. 
Several readings were obtmned by repeated new drops of amalgam, and all of 
the readings agreed within 2 or 3 mv. The potential readings were converted into 
pCu values (—log. molal activity of cupric ions) and are presented in table 2. 
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Verification of electrode readings in presence of diverse ions and proof of applicability 

to complex inorganic systems 

The ability of the electrode to read cupric-ion activity in pure solutions 
of copper is no indication of its dependability when applied to complex systems 
such as soils and plants. A series of checks were therefore made to test the 
reliability of the electrode under such conditions and to determine interferences 
from various sources at the electrode surface. 


TABLE 2 

Activity of complex copper salts and insoluble copper compounds 


COUPOTTMD 

UX&SUSED fCU VALOX 

pOT VAI.TJZ CALCULATSD 
pSOii OTHXX DATA 

CuS (suspension). 

17.6 

18; 18.76 

CuO (suspension). 

11.6 


Cupric oxalate (saturated solution).... 

6.0 


CuCO. (CuOH),. 

2.7 


Cu-alanine (solution). 

4.0 


Cu-NasSfOs (solution). 

>20 


Humic acid (Merck) (suspension). 

6.4 


Cupric hydroxide (suspension). 

Cupric-amines of ammonia. 

6.8 

6.4 

Ordinary distilled water. 

6.4 to 6.8 


Pyrex-distilled water. 

8.8 

7.6 


To test for interference from anions and cations commonly present in peat, 
the following procedure was used. Two different peats were selected, one with 
low soluble salts and the other with an abnormally high soluble salt content. 
A 1:10 soil-water extract was then prepared. To the filtered soil-water extract 
was added a measured quantity of copper sulfate solution of which the molality 
and ionic strength were known. The quantity of soil extract used was varied 
to give different dilutions, the molality and ionic strength of copper sulfate in 
the final solution being kept constant. It was thus possible to obtain a series of 
solutions in which the molality of copper added remained the same but the 
amount of soil ions present varied in definite proportions. The following example 
illustrates the procedure: 


SOIL XXTSACT 

0.005 M CuSOi soLimoN 

WATia 

CONCZMTRATZOK OP SOIL IONS 
AS PSACnON OP OSZOINAL 

nil. 

ml. 

fiU. 


25 

25 

0 

i 

10 

20 

10 

i 


By measuring the potentials of such a series of solutions, calculating the ac¬ 
tivity coeflSicients of copper in each case, and applying the limiting Debye- 
Huckel equation for syistems containing multivalent ions, the ionic strength 
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contributed by the soil ions in each case was found. The values in moderately 
dilute concentrations were accepted as reliable, and the various values of ionic 
strength obtained were compared. Obviously, for every dilution of the soil 
extract to half the concentration, the ionic strength is reduced to half the pre¬ 
vious value. If the ionic strengths calculated from the observed cupric potentials 
bear this simple relationship, within the limits of experimental error, it is an 
indication that the potential has varied only as a function of the ionic strength 
of the solution and that no interference from any ions or groups of ions has 
occurred at the electrode surface to vitiate the cupric potential. 


TABLE 3 

Teat for interference from aoil tone 


concemtsahon 

Of EXTRACT AS 
ERACnONOr 
ORIGINAL 

£ 

observed 

Acnviryor 

COPPER 

(J2i) 


TOTAL IONIC 1 

STSXNOTBOP 1 
SOLtJTTON 

IONIC STRENGTH 

OP SOIL EXTRACT 

Low-salt peat extract^ 


mo. 


■■■ 


■■■ 

1/2 

-5 

2.9 X 10^ 


0.22 


1/4 

1 

5 X 10-^ 

Bl^l 

0.12 

HSH 

1/8 

8 

7.8 X 10-* 


0.06 


1/16 

12 

1.1 X 10-» 

0.44 

0.03 

BfiB 

1/32 

14 

1.3 X 10“® 

0.50 

0.02 



High-aalt peat extract* 


1/2 

-5 

2.9 

X 

10-^ 

0.11 

0.22 

0.21 

1/4 

-33 

3.1 

X 

io-« 


1.02 

1.01 

1/8 

-20 

9,4 

X 

io-» 

0.037 

0.51 

0.50 

1/16 

-5 

2.9 

X 

10“^ 


0.22 

0.21 

1/32 

1 

1 

5 

X 

10“^ 

0.19 

0.12 

0.11 


* Concentration of added copper was maintained at 0.0025 M at all dilutions. 


T^ Debye-Huckel equation for multivalent ions states that —log f — 
A-\/m, where / is the activity eoeflScient of the ion in question, z its valence, m 
the ionic strength, and A is constant for the particular solvent employed. Com¬ 
paring ratios of the values for ionic strength obtained from the preceding equa¬ 
tion with those expected from dilution ratios for the soil extract indicates the 
accuracy of the electrode readings. The results obtained are contained in table 
3 and figure 2. 

These results show that for every dilution to half the concentration, the 
ionic strength as calculated from the observed potentials has decreased almost 
exactly by half. The negative logarithms of the activity coeflScients when plotted 
as a function of the square root of ionic strength ^ve a straight line (fig. 2), 
indicating conformity to the Debye-Hfickel equation. The only exception is 
in the case of the hi^-salt peat at a very high conceutration of soluble salts. 
This discrepancy is accounted for by the deviation of the Debye-Htickel equation 
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at such high concentrations. The electrode, therefore, should give reliable read¬ 
ings of cupric-ion activity in the presence of soluble organic matter and other 
diverse ions commonly encountered in peats where abnormal amounts of soluble 
salts are not present. 


Interference from other sources 

Jt can be expected from theoretical considerations that the noble metals, 
like gold, silver, and platinum, and other metals like palladium and tellurium 



Fig. 2. Verification op Electrode Readings in Presence op Diybrsb Ions 
BY Means op Bebyb-HUckel Equation 


TABLE 4 


Effect of various ions on the cupric potential of peat 


UETAl ION ADDED 


Platinum. 

Gold. 

Palladium. 

Tellurium. 

Silver. 

Mercuric mercury 
Cadmium. 


1OB./100 GM. 07 
SOn^SSQDISXD 
TO CSANGX 
OBIGINAI. 
XXADING 

lOTAX ION ADDED 

1CS./100 dC. OE 
son., XEQDISXD 
TO CEUNOX OSIG- 
IKALXOTBNZIAI 
SXADINQ 

2 

Cobalt (ous). 

>100 

10 

Nickel. 

>100 

10 

Zinc. 

>100 

6 

Manganese (ous). 

>100 

10 

Mn02 . 

250 

0.6 

Ferr<^us iron. 

>100 

>100 

Ferric iron. 

45 


would interfere with cupric-ion activity determinations. The quantity of these 
metals and many others which can be tolerated by the electrode was checked. 
The electrode reading in a typical peat soil suspension was noted, and successive 
quantities of these various materials were added with constant stirring until a 
shift in the potential reading occurred. The results are presented in table 4. 
Platinum and mercuric mercuiy are the two seriously interfering ions, but it 
is extremely unlikely that they are present in any soil in amounts sufficient to 
vitiate the cupric potentials. All other ions tested are of no especial significance 
so far as their possible interference in soil and plant work is concerned. The case 
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of ferric iron deserves special attention, however, as most soils might contain 
appreciable quantities of this element. Ferric iron interference is indicated by 
very hi^y positive readings, great instability, and a complete breakdown of 
the electrode. The effect is pronounced in the presence of chloride. Mercury 
undergoes oxidation to the mercurous state, and the ferric iron undergoes reduc¬ 
tion to the ferrous state, as shown below. 

2 Hg -1- 2 Cl-^ HgjCh + 2 E+ 

2Hg + 2C1 -f 2Fe+++-^HgjClj + 2Fe-H- 

The ferric iron effect was tested on various peat soils with widely differing iron 
contents. Eesults, presented in table 5, show that the amount of ferric iron 

TABLE 5 


Ferric iron interference vrith the electrode 


soiLiro. 

pB- 

pCtt 

QUICK TEST IRON 

AMOUNT OF FERRIC 
IRON REQUIRED PER 
100 GU. SOIL TO 
CHANGE pCu 

8-1 

3.6 

8.9 

16./A 

1300 

me. 

20 

38-4 

3.6 

7.0 

1400 

15 

17-2 

3.7 

7.4 

1 

30 

4 

3.8 

8.9 

— 

45 

6-1 

4.4 

6.4 

400 

30 

59-1 

4.4 

6.7 

50 

40 

95-1 

5.0 

6.9 

5 

40 

69-1 

5,5 

6.7 

8 

40 

37-2 

5.8 

8.1 

2 

70 

22-4 

6.2 

9.9 

2 

65 

32-1 

6.4 

11.5 

1 

55 

20-3 

7.4 

10.6 

2 

50 

20-6 

7.4 

10.9 

12 

45 


required to shift the potential readings of many peat soils is very large, and 
seldom, if ever, will interference occur from this cause in making soil measure¬ 
ments. 


Acidity Umitaiiom 

The electrode cannot be used to measure cupric-ion activities in solutions 
which are ^bove pH 8.5. The readings become imstable, probably because of 
oxidation of mercury according to the reaction 

Hg *1- 2 OH —>• HgO -j- HgO 2 E~ 

For this reason, it is not posable to measure the cupric-ion activity of the com¬ 
plex cupric-ammonia amines by means of the electrode. Acidities up to pH 2 
do not cause any interference. 
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DISCUSSION 

General Considerations 

The possibilities of the copper amalgam electrode for studies of cupric-ion 
activity in complex soil and plant systems were investigated. The characteristics 
of copper amalgam seem to make it an especially useful tool in such studies. 
The amalgam does not ea^y deteriorate in air and can be indefinitely kept under 
a dilute solution of copper sulfate. The exact concentration of a copper n-maTgam 
that can give the stan^rd potential of copper has never been investigated by 
anyone, but our experience has shown that the potential does not vary from 
that of pure copper even when the concentration of copper in the amalgam does 
not exceed 0.5 per cent. As the saturated solution of copper in mercury is con¬ 
tinuously drained out of the electrode, the upper phase in the amalgam reservoir 
becomes a semi-solid mass which apparently is a hi^y concentrated amalgam. 
When the amalgam assumes this consistency it is too solid to flow through the 
electrode. Addition of pure merciuy and thorough mixing restore its original 
properties. The authors have been able to use 100 ml. of a 4 per cent copper 
amalgam in this manner, by successive dilutions with pure mercury, until about 
15,000 individual copper activity measurements were made. The spent amalgam 
can be recovered without appreciable loss and pure mercury obtained by washing 
and distillation. 

The electrode can be standardized before use by measuring the potential 
of any standard copper solution. We have used a 0.025 M copper sulfate solu¬ 
tion, which gives a potential reading of 38 to 40 mv. at room temperature. 
It is advisable to check the electrode from time to time with this solution when 
making a large number of determinations. A precision within more than 2 or 3 
mv. is unwarranted in such a ^tem because of uncertainties in liquid junction 
potentials. 

When making measurements, time must be allowed to ensure equilibrium 
and to obtain a constant potential. Usually it does not take more than a few 
seconds to attain a constant value in the reading. Fluctuating and unstable 
potentials will be observed if the solution creex>s between the amalgam drop and 
the wall of the ^ass tube. Instability would result if the solution were a very 
high pH (say 8.5) or below pH 2. Drops must preferably be renewed before each 
reading is taken. 

The electrical connections have to be checked frequently and the tungsten 
contacts cleaned with alkali and acid. Before making a series of measurements, 
it is advisable to check the electrode agmnst a negative standard, besides the 
positive copper standard mentioned above. In our invest^ations on soils, we 
have used a peat suspension adjusted to pH 8.4 with ammonium h 3 rdroxide. 
Such a system is very highly buffered with respect to cupric potential and shows 
a reading of —405 mv. All peats tiiow this effect, the reasons for which wiU be 
discussed in subsequent publications. 

Statistical analysis of a large set of data has shown that the error involved in 
the readings is no larger than ± 0.1 pCu unit. 
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Activity measurements 

Results of activity measurements presented in table 2 bring out many interest¬ 
ing facts. Sodium thiosulfate forms a soluble complex with copper having a very 
low cupric-ion activity. This complex, however, is unstable and decomposes 
with precipitation of sulfur. A stable copper complex can be prepared by buffering 
the thiosulfate solution at pH 4.8 in the presence of sulfurous acid. This complex 
has an extremely low cupric-ion activity. Such a thiosulate solution is useful 
in removing the last traces of copper in analytical procedures. 

The measured copper activity of cupric sulfide closely agrees with those cal¬ 
culated from solubility product values reported by Kolthoff (6) and Hogness 
and Johnson (5). The solubility of copper sulfide, 3.3 X 10“^ gm, CuS per 
liter of water, given in the Handbook of Chemistry (4) is unacceptable and 
corresponds to an activity of a little greater than pCu 6. That would then equal 
the copper activity in distilled water. If the CuS were prepared by adding a 
soluble sulfide to a copper solution followed by thorough washing, and then 
suspended in distilled water, the copper activity measured is only that of the 
distilled water. Leibig, Vanselow, and Chapman (7) report a pCu value of less 
than 8 (0.0006 ppm.) in water distilled from an all-Pyrex set, whereas the high- 
grade Pjrrex-distilled water in this laboratory showed a pCu value of 9 (0.00006 
ppm.), A copper sulfide sample prepared in the manner mentioned had a pCu 
value of 6. If the CuS is prepared by adding a few drops of copper solution to an 
excess of sulfide solution followed by thorough wash^g, the CuS would carry 
with it traces of sulfide ions, which would lower the cupric-ion activity to that 
of the sulfide. By this method the activity shown by the electrode was pCu 
17.6, which closely approximated the values calculated from the solubility 
products of Kolthoff and Hogness and Johnson. This is additional evidence 
regarding the accuracy and dependability of the electrode in reading very low 
values of cupric-ion activity. 

The applicability of the electrode to complex ionic systems has been verified 
by use of the Debye-Huckel equation. Detailed studies on soils and plants 
have subsequently been made by means of the electrode (2,12). Figures presented 
in tables 4 and 5 indicate that interference from any of the several possible 
sources in soils and plants is extremely unlikely. The tremendous complexing 
capacity of peat soils for most cations would probably account for the neglibible 
effect they have on the cupric potential of the system even in the presence of 
very large amoimts of such cations. Within comparatively few limitations, 
therefore, the copper amalgam electrode appears to have immense potentialities, 
as in the study of cupric-ion activities in soils, plants, and complex biological 
^sterns. 


SUMMARY 

A two-phase copper amalgam electrode for the measurement of cupric-ion 
activities was designed and constructed. 

The readings in pure copper solutions closely approximate theoretically cal¬ 
culated activity values. The copper amalgam has Uie standard potential of pure 
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copper metal over a wide concentration range. It does not deteriorate on standing 
and can be easily and economically handled. 

Activity values for various copper compounds were determined and compared 
with other published data. 

Applicability of the electrode to complex ionic systems has been verified 
throu^ the Debye-Hiickel equation. 

Figures are presented to show that reproducible and stable readings with peat 
soils can be obtained and that interference from many possible sources are not 
ordinarily likely to occur. 

The advantages and limitations of the electrode are discussed. 
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In studies of cation exchange in soils and clays, it has been assumed that the 
cations of an element in the solution phase are in kinetic equilibriuin yvith the 
exchangeable ions of the same element. Before the advent of isotopes that could 
be used as tracers, this assumption could not be verified by direct experimenta¬ 
tion. The direct measurement of the rate of exchange between cations of the 
same element had to await the availability of isotope tracers. The earliest known 
example of such work with exchange surfaces was that of Paneth and Vorwerk 
(11) in which they used Th B, 82 Pb^^, to determine the specific surfaces of in¬ 
soluble lead salts. Kolthoff et al. (6, 7) extended the work with this isotope and 
formulated clear concepts of the surface of PbS04. Recently, by means of a 
radioactive isotope of phosphorus, P®^, McAuliffe et oZ. (8) studied rates of re¬ 
action of phosphorus with several soils having different levels of phosphorus 
fertility. 

Radioactive Ca^® is suitable for studies of this nature because of its avail¬ 
ability from uranium nuclear reactors and the predominance of calcium among 
the normal exchangeable bases of soils. Its half-life of 180 days and maximum 
0 radiation energy of about 300,000 electron-volts offer little restriction to its 
use in laboratory investigations. 

The reaction of Ca^ with the clay minerals kaolinite, halloyate, hydrous 
mica, bddellite, and montmorillonite has been investigated. To ensure systems 
that would involve only exchange of isotopes of one element and not additional 
chemical exchange between bases, the clays were saturated to pH 7 with cal¬ 
cium prior to addition of Ca^®. The investigations involved determination of 
(a) the rapidity of equilibration of added calcium with the exchangeable cal¬ 
cium, and (6) the fraction of the solid phase calcium that is in kinetic equili¬ 
brium with the solution phase calcium. 

MiLTEBlAIiS 

The clays except bddellite were dispersed in water, by addition of ammonia 
where necessary. The suspensions were passed through a supercentrifuge to re¬ 
move particles of diameter greater than 0.2^. Excess water was removed through 
Pasteur-Chamberland filters by suction. Concentrations of the clay suspensions 

^ Joint contribution from Purdue University, LaFayette, Indiana, and the Division of 
Soil Management and Irrigation, Bureau of Plant Industry, Soils, and Agricultural En¬ 
gineering, Agricultural Research Administration, U. S. Department of Agriculture, Belts- 
ville, Md. Abstracted from a dissertation submitted by the senior author to Purdue Uni¬ 
versity in partial fulfillment of the requirements for the degree of doctor of philosophy. 

* Associate soil scientist and senior soil scientist, respectively. 
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were determined by weighing after evaporation of the water. The sources of 
the clays we^ as follows: kaolinite as English china clay; halloysite as Indianaite 
from Lawrence County, Indiana; hydrous mica as illite from Illinois; beidellite 
as the subsoil clay of Putnam silt loam from Mii^ouri prepared by the Depart* 
ment of Soils of the Univerdty of Missouri; and montmorillonite as the bentonite 
Volclay No. 2 from Wyoming. 

The Ca^® was obtained from the Oak Ridge, Tennessee, plant of the U. S. 
Atomic Energy Commission. Both the regular unit, containing 0.8 millicurie in 
10 gm. of Ca as CaCOs, and a high specific activity unit of CaCl 2 , prepared from 
a Ca(OH )2 target in which 0.8 millicurie is contained in 33.1 mgm. of Ca, were 
used. 

CaO was made by igniting reagent grade CaCOg at 1,000“ C. for 4 hours. 
This was placed in water, the solution adjusted to pH 9.0 by addition of glacial 
acetic acid, filtered to remove Mg, and finally adjusted to pH 7.0 with acetic 
acid. The calcium acetate concentration was normal. 

EXPEBIMFiNTAn PBOCEDUBES 
Rapidity of exchange of Co*® /or exchangeable Ca 

Aliquots of suspensions of the five clays containing 1 gm. of clay were placed 
in 50-ml. centrifuge tubes. These suspensions were treated with neutral normal 
calcium acetate, shaken on an end-over-end shaker for 30 minutes, and centri¬ 
fuged at 2,500 r.p.m. for 15 minutes. The liquid was decanted for pH measure- 
mmit, and the solid treated again with calcium acetate. This cycle was repeated 
until the pH of the solution was 7.0, which was used as the criterion of calcium 
saturation of the clays. 

The clays were washed with 50 per cent ethyl alcohol. After each washing the 
suspensions were centnfuged, and the wash liquid was decanted. When the wash 
alcohol gave no precipitate with ammonium oxalate, the clays were washed one 
additional time. The system was then contidered free of excess calcium. 

To each tube was added 24 ml. of water. The clays were {gitated into sus¬ 
pension, and the tubes shaken in an end-over-end shaker for 48 hours. Then 1 
ml. of solution containing 0.1 microcurie of Ca®® was added to each tube. This 
solution was made from high specific activilT* Ca®®; thus the total quantity of 
added Ca was mily about 4 y, which is considered too small to have any appre¬ 
ciable effect upon the rate or extent of reaction. The tubes were returned to 
the shaker. Replicate tubes were r^oved from the shaker at designated times 
for analysis. Equilibration was at room temperature. 

After centrifugation of the tub^ at 2,500 r.pjn. for 15 minutes, the super¬ 
natant liquid was removed and measured. Differential weighings of the tubes 
containing the clays before and after heating at 110° C. for 24 hours permitted 
calculation of the amount of liquid in the intern which was not removed. The 
decanted solution was further clarified by centrifugation at 16,000 r.p.m. in a 
hij^-speed centrifuge attachment for 10 nunutes. An aliquot of the liquid was 
u^ for total Ca determination by precipitation as the oxalate and titration 
with 0.001 N hexap^hloratocerate in a centrifuge procedure (13). An alternate 
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method for small quantities of Ca was the deteimination by means of picrolonic 
acid in a colorimetric metbod of Snell and Sndl (14, pp. 466-467). 

Enou^ Ca was added to another aliquot of the solution to bring the total 
Ca content to 25 mgm. The Ca was precipitated as the oxalate, collected on a 
filter disc, humidified, and wd^ed to determine the total Ca. Badioaclavily 
determinations of the Ca*® were made with a Gdger-Muller coimter. The radio¬ 
activity and analytical procedures have been described dsewhere (1). The 
amount of Ca*® on the clay was assumed to be the difference between the Ca*® 
added and that recovered in the solution phase. 

Solid phase Ca in equilibrium with added CcE*® 

These experiments were conducted at 21 ± 1“ C. Clays were saturated with 
Ca, washed with 50 per cent ethyl alcohol, and aliquots of solutions containing 
various amounts of total and radioactive Ca were added. Tbe final volume of 
all solutions was 25 ml. The systems were shaken in an end-over-end riiaker for 
48 hours, and the liquid phase was then removed by centrifugation and decan¬ 
tation. The volume of liquid not removed was determined by wrighing the tubes 
and subtracting the weight of the tube and clay. 

The clays were washed with 50 per cent ethyl alcohol until the liquid phase 
was free of Ca. The exchangeable Ca was replaced by neutral normal ammonium 
acetate. Total Ca and Ca*® analyses were made on the solutions from both phases 
of the ^^st^. The aliquots used for the volumetric Ca determinations were 
approximately one fourth of the total volume. Calcium oxalate is too soluble 
to allow accurate analysis of solutions containing very small amounts of Ca. 
Some of the solutions were analyzed by the pcrolonic acid method, whidi is 
more sensitive in determining Ca. 


BEStTLTS 

BapidUy of exchange of C(d^ for exdumgedbU Ca 

Figure 1 Aows the ratio of the exchangeable Ca*®, Ca(e) to that in the solu¬ 
tion, Ca(s), at various times. The intervals represent the dapsed time between 
addition of Ca*® to the clay and the start of the 2,500-r.pjn. cektrifugation. 
Complete equilibration occurs in less than 2 hours. For all cla 3 rs except hydrous 
mica, equilibrium was established or virtually so at the first determined inter¬ 
val. These periods are as follows: bentonite, | hour; bdddlite, kaolinite, and 
balloysite, 1 hour. Necessary operations of the procedure, such as mixing and 
centr^gation, require such periods of time that § hour is about the shorts 
interval that can be studied. Once a maximum ratio was reached, all clays except 
kaolirrite, which drowed a reduction at between 1 and 2 days, maintained tins 
value. 

To confirm this peculiar behavior of kaolinite it was necessary to separate 
another batch of the mineral. This second equilibration was conducted at 21 
=b 1° C. to determine whether the delayed equilibration was caused by a tem¬ 
perature change. Total Ca and Ca*® analyses were made on both the solution 
and exchangeable phases of the system. A graph of the data is shown in figure 
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1 as “kaolinite 2.” The same general type of curve indicates a similar secondary 
reaction as in the first experiment. Chemical anals^ses indicated a slight increase 
in the total Ca of the liquid phase in both experiments mth kaolinite after the 
24-hour period. Thus the dela 3 red equilibration indicated by the data could be 
due to hydrolysis of the calciiun kaolinite. 

The ratio of Ca^* on the solid to that in solution is not to be interpreted as a 
measure of the cation-exchange capacity of a clay. In general, the clays of 
higher exchange capacities have higher ratios of Ca^'^ on the solid to Ca*'‘ in the 
liquid. The occurrence of varying amounts of calcium in the liquid phase of 
each day allows an absolute measurement of the exchange capacity by this 
method only if the quantity of calcium in the liquid phase is known. 



Solid phase Ca in eguilibrium wUh added Caf'^ 

Results of these eq>eriments are diown in tables 1 to 5. Included are the 
ratios of tile solid phase Ca to that of the liquid phase, and the ratios of the 
solid phase Ca^* to the liquid phase Ca**’. These ratios decrease with an increase 
in total Ca of the liquid phase, because the exchangeable Ca remains approxi¬ 
mately constant. 

The serious discrepancies between the ratios for the solutions that contained 
small amounts of Ca are doe to analytic^ limitations. In many cases the amall 
amoimts of Ca in these solutions could not be determined satii^aotorily even by 
the incrolonie add method. 

A typical rdationdiip between the logarithms of the ratios is shown in figure 
2 f(nr hallqysite. The other clays show siTnilar relationship. Deviations from the 
finear porticms indicate the points at which the ana^ical determination becomes 
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a limiting factor. Extrapolation of the straight portions of the graphs indicates 
the ratio of Ca(e) to Ca(s) which existed but which could not be determined by 

TABLE 1 


Distribution of Ca and between exchangeable and solution phases of kaolinite systems 


CaCi) 



Ca«(i) 

Ca«(s) 

SPECinC ACTIVITY 

Ca(e) 

Ca(8) 

mgm. 




XlO-s 

X10-* 

2.64 

0.004 

660.0 

26.8 

3.65 

3.63* 

2.64 

0.013 

203.0 

18.5 

3.59 

3.59* 

2.64 

0.014 

189.0 

14.6 

3.54 

3.55* 

2.65 

0.009t 

329.0 

14.1 

84.7 

85.0* 

2.64 

0.018 

147.0 

11.3 

3.48 

3.46* 

2.64 

0.024 

110.0 

9.0 

3.44 

3.44* 

2.53 

0.148 

17.1 

12.6 

0.895 

0.899 

3.16 

0.230 

13.7 

7.28 

2.88 

2.88 

2.97 

0.900 

3.38 

3.30 

1.18 

1.16 

2.99 

1,16 

2.50 

2.58 

1.87 

1.93 

3.01 

1.07 

2.71 

2.81 

1.90 

1.97 

2.67 

1.05 

2.55 

2.57 

65.5 

64.9 

2.71 

9.24 

0.293 

0.292 

17.7 

17.7 

2.67 

93.7 

0.029 

0.028 

1.88 

1.87 

2.63 

178.0 

0.015 

0.015 

1.04 

1.04 


* Calculated, 

t Determined as calcium picrolonate. 


TABLE 2 


Distribution of Ca and Ca^^ between exchangeable and solution phases of haUoysite systems 


Cad) 

Ca(s) 

Cad) 

Ca<s) 

Ca«d) 

Ca«(s) 

SEEcmc achyhy 

Ca(e) 

Ca(») 

mgm. 

Mgm. 



XKT* 

X10-* 

2.56 

0.027 

95.7 

6.62 

3.84 

3.84* 

2.32 

0.015t 

15.1 

6.03 

93.8 

93.8* 

2.29 

1.34 

1.68 

1.71 

1.70' 

1.73 

3.16 

2,60 

1.21 

1.19 

0.136 

0.135 

2.58 

3.79 

0.681 

0.680 

5.67 

5.67 

2.65 

7.72 

0.343 

0.341 

6.87 

6.90 

3.14 

15.6 

0.201 

0.204 

0.042 

0.042 

2.37 

88.4 

0.027 

0.026 

2.10 

2.16 

2.49 

161.0 

0.015 

0.015 

1.14 

1.14 

2.45 

205.0 

0.012 

0.011 

0.907 

0.903 


* Calculated. 

t Determined as calcium picrolonate. 


chemical analytical methods. The fact that the two ratios are equal with deter¬ 
minable amounts of Ca(s) indicates that they are equal when the amount of 
Ca(s) is indeterminable. In the latter cases the actual amount of Ca(s) is cal- 
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culated by dividing the amount of Ca(e) by the ratio Ca^®(e)/Ca^®(s)* By means 
of these values the specific activity of the Ca in the liquid phase can be calcu¬ 
lated for those samples in which the Ca could not be determined chemically. 

TABLE 3 


Distribution of Ca and between exchangeable and solution ‘phases of bentonite systems 


CaCa) 

Ca(s) 

CaU) 

Ca(8) 

Ca«(E) 

Ca«(s) 

sxECXHC acuvhy 

Ca(e) 

Ca(8) 

rnffn. 

mffn. 



xi(r» 

X10-* 

9.02 

' 0.015 


31.6 

1.16 

1.18* 

8.14 

0.067t 


23.8 

29.2 

29.3* 

15.9t 

0.845 


18.9 

0.361 

0.360* 

16.61 

1.67 


10.0 

1.54 

1.54 

8.38 

8.94 


0.934 

13.4 

13.4 

16.8{ 

10.4 

1.59 

1.62 

2.05 

2.09 

19.2t 

98.5 

0.192 

0.194 

0.127 

0.127 

18.3t 

104.0 

0.176 

0.177 

0.147 

0.147 

18.OJ 

138.0 

0.131 

0.130 

0.127 

0.128 

18.0t 

161.0 

0.111 

0.112 

0.124 

0.124 

8.35 

98.8 

0.085 

0.085 

2.20 

2.17 

8.10 

173.0 

0.047 

0.047 

1.32 

1.37 


* Calculated. 

t Determined as calcium picrolonate. 
t Approximately 1 gm, of clay. 


TABLE 4 

Distribution of Ca and Ca*’^ between exchangeable and solution phases of hydrous mica systems 


CaCE) 

Ca(s) 

Ca(E) 

Ca(s) 

Ca«(E) 

C8«(S) 

SVECDIC ACTIVITY 

Ca(e) 

Ca(8) 

sngtH. 

mgm. 



X10-» 

XIO^ 

6.91 

0.109* 

54.8 ' 

19.1 

36.3 

36.2t 

5.93 

0.333 

17.5 

16.0 

0.266 

0.266t 

5.30 

0.475 

11.1 

11.4 

0.378 

0.379 

5.29 

3.22 

1.65 

1.58 

1.85 

1.84 

5.33 

9.47 

0.562 

0.567 

15.5 

15.4 

5.85 

9.50 


0.618 

2.21 

2.21 

5.20 

96.7 

0.054 

0.055 

2.40 

2.35 

5.49 

189.0 

0.029 

0.029 

1.23 

1.23 


* Determined as calcium picrolonate. 
t Calculated. 


The specific activities represent the ratio of the quantity of Ca^® to the total 
quantity of Ca present. These values also are shown in tables 1 to 5. The linear 
logaiitimiic relationships of all the cla 3 rs are identical, and the slope is equal to 
unity. That the logarithmic relationships are linear and that the specific activ- 
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TABLE 6 


Distribution of Ca and Ca** between exchangeable and solution phases of beidellite systems 


Ca(jc) 

Ca(s) 

Ca(3c) 

Ca(s) 

Ca«(E) 

Ca«(s) 

SSECEFCC jicwnn 

CaCe) 

Ca(s) 

mgm. 

mgm. 



X10-« 

xir* 

12.4 

0.120* 

102.0 

83.5 

21.0 

21 .Of 

12.5 

0.223* 

56.7 

55.5 

20.7 

20.7 

13.0 

0.262 

49.7 

50.0 

0.461 

0.459 

12.2 

0.311 

39.1 

35.4 

0.267 

0.268 

12.1 

1.34 

9.00 

9.00 

15.7 

15.7 

12.1 

2.77 

4.48 

4.42 

2.31 

2.28 

13.3 

5.87 

2.28 

2.31 

3.80 

3.85 

12.1 

9.56 

1.26 

1.26 

9.62 

9.62 

12.0 

84.2 

0.142 

0.142 

2.30 

2.31 

11.8 

124.0 

0.095 

0.095 

1.46 

1.45 

12.1 

146.0 

0.082 

0.083 

1.34 

1.34 

11.8 

158.0 

0.075 

0.075 I 

1.37 

1.37 


* Determined as calcium picrolonate. 
t Calculated. 



Fig. 2. Relationship Between Ratios op Ca and Ca** in Halloysite 

ities of the Ca in the solution and the solid phases are equal show that the Ca 
which is replaceable by neutral normal ammonium acetate is in equilibrium with 
the solution Ca. 
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DISCXTSSION 

These rate or time esperiments represent an attempt to measure the rapidity 
of exchange of cations in clays by isotopic methods. Chemical methods employ¬ 
ing two or more different chemical species of cations have been used frequently 
in this kind of study. In general, these previous studies have indicated rapid 
cation-exchange reactions. In many experiments the smallest time interval 
studied was sufficient for completion of l^e exchange under the conditions con¬ 
trolling the extent of the reaction. Cedroiz (3) found that Ca and Ba were re¬ 
placed from a chernozem soil by NH4, Na, and K when shaken for 1 minute. 
Hisaink (4) replaced the Ca of a clay soil by Na by shaking for 3 minutes. Cer- 
nescu (2) was able to establish exchange equilibrium in “clay” in 5 minutes; 
permutite, however, required 10 days, and chabazite 92 days. TTiaaink also 
found that replacemmit of Ca from permutite by Na was much slower than from 
soil. Kelley (5) has suggested that exchange equilibrium is probably established 
more slowly in hydrous micas than in montmorillonite, because of a closer 
packing of the lattice layers. This is in agreement with the incomplete equilibrium 
shown by hydrous mica after beii^ shaken for i hour. The time studies with 
Ca** were conducted primarily to determine the minimum time for estabhrii- 
ment of equilibrium as an essential condition for the other phases of these experi¬ 
ments. Rate experiments of shorter duration on dispersed clays of low electrolyte 
concentration would require a more specialized technique. 

The finding that the solution Ca of a clay is in kinetic equilibrium with all 
the exchangeable Ca is not unexpected. On the basis of knowledge of exchange¬ 
able cation systems by other methods, it had been presumed that this result 
would be obtained. These experiments serve as direct experimental evidence of 
the dynamic relationship between the soluble and exchangeable fractions of a 
soil cation. That this kinetic equilibrium exists does not imply that all the ex¬ 
changeable Ca is of the same thermodynamic activity. Mar^all (9) has dis¬ 
cussed the fact that the active Ca (and Na) of a clay possesses a wide range of 
activity. Clay membrane electrode measurements show that over a wide range 
of additions of Ca(OH )3 to unsaturated clays, the activity of Ca of kaolinite 
increases i^ularly, whereas in montmorillonite relatively equivalent quantities 
of Ca(OH )4 contribute little or nothing to the total Ca activity. In spite of this 
extirane difference in activity relationships of clays, the present study indicates 
that all of the Ca that affects such an electrode is in kinetic equilibrium. The 
separation of the mobile cations into solid phase and solution categories is ad¬ 
mittedly artificial. The existence of a diffuse ion swarm, however, does not 
interfere with the evaluation of isotope distribution ratios when all the measured 
cations are in equilibrium. The isotope study has not yet been extended to soils, 
in which some of the nonexchangeable Ca of primary and secondary minerals 
also may be in kinetic equilibrium with the exchangeable and soluble fractions. 

To study as simple a system as possible analytically, these e^eriments in¬ 
volved removal of aU bases but Ca by preliminary treatment with calcium 
acetate of pH 7. It is not suggested that this eliminated exchar^eable hydrogen 
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also. It is known that clays, especially of the 1:1 lattice t 3 rpe, such as kaolinite 
and halloysite, retain exchangeable hydrogen above this pH value (10). The 
residual hydrogen should in no way interfere with the validity of the results, as 
ratios involving both the solution and exchangeable phases are used in the cal¬ 
culations. Although calcium acetate is most strongly buffered at a pH value 
considerably below 7 (12), once the clay system is brought to pH 7 by repeated 
treatments, maintenance of that condition during the remainder of the experi¬ 
ment is not diflScult, as was shown by a glass electrode measurement on every 
replacing solution. 

It is interesting to note the constancy of the exchangeable calcium for each 
clay. This persists over a wide variation in the amount of calcium in the solu¬ 
tion phase, up to a range of 40,000 fold in kaolinite. 

SUMMARY 

By use of radioactive Ca^* it has been demonstrated that equilibration of Ca 
between the solution and solid fractions of aqueous systems of kaolinite, hal¬ 
loysite, hydrous mica, beidellite, and montmorillonite is complete or virtually 
so after shaking for J to 1 hour. The techniques used did not permit the study 
of shorter periods. 

Experiments with Ca^® indicate that the Ca of Ca-saturated clays replaceable 
by ammonium acetate is in kinetic equilibrium with the soluble Ca. These 
results offer direct experimental confinnation of a basic premise of cation ex¬ 
change that cations of an element in solution are in kinetic equilibrium with 
the exchangeable cations of the same element. 
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FIXATION OF POTASSIUM BY CLAYS SATURATED WITH 
DIFFERENT CATIONS^ 
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In the study of potassium fixation by soils it is of practical as well as theoreti¬ 
cal interest to find out to what extent cations adsorbed on the exchange complex 
influence the fixation of subsequently added K. Joffe and Levine showed that 
fixation is reduced when K has to compete with Ca for the exchange positions 
(7) and that the fixation increases proportionally to the amount of K entering 
the exchange complex ( 8 ). This was explained by the fact that K must be ad¬ 
sorbed before fixation can take place. From this it can be assumed that cations 
adsorbed or added decrease the fixation according to their replacing power or 
affinity for the colloid. Probably, however, competing cations will exhibit a 
greater influence if they are able to migrate from the adsorbed position into 
vacant places resulting from the release of fixed K from the interplanar surfaces 
of the mineral lattice. This idea is in line with Pauling’s ( 11 ) and Gruner’s (4) 
conclusions, drawn from structural analysis, that certain ions can substitute K 
in the mica lattice. Further, it is supported by an experiment of Barshad ( 1 ) 
who foxmd that by prolonged leaching with MgCU solution biotite could be 
converted into vermiculite. 

If a clay is electrodialyzed or treated for a long time at high temperature 
with acids or salts without undue destruction of the clay minerals, some of the 
fixed K ions should be released. Their vacant places will then be occupied by H or 
by other cations from the leaching solution if proper steric conditions prevail. 
This process, however, does not necessarily require that the replacing ions be¬ 
come “fixed” in the usual meaning of this word. If K is added to such a K-de- 
pleted clay, a greater or lesser quantity of these adsorbed ions will be replaced 
by the K ions becoming fixed. The extent of this refixation is determined by 
the affinity of K for the clay compared with that of the other ions. It is very 
likely that ions which have a size similar to that of K and show similar chemical 
properties, such as NIL, will strongly prevent this refixation. NH 4 - and K-satu- 
rated clays should therefore behave in the same way upon subsequent fixation 
of added K This deduction is supported by the fact that a considerable fixation 
of NH4 in soils was demonstrated by Chaminade ( 2 ) and later by Joffe and 

1 Contribution from the Department of Agronomy, University of Illinois Agricultural 
Experiment Station, and the Institute of Pedology of the Royal Agricultural College, Upp¬ 
sala, Sweden. 

* Swedish American Foundation Fellow and A. J. Roman Fellow from the Royal Agri¬ 
cultural College, Uppsala, Sweden. The writer is indebted to John E. Gieseking of the 
department of agronomy for providing the necessary facilities and to the department of 
chemistry. University of Illinois, for certain equipment used in this investigation. The 
radioactive potassium was obtained from the Clinton Laboratories, Oak Ridge, Tennessee. 
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Levine ( 6 ) and particularly by the studies of Stanford and Kerre (12). Ji the 
clay colloids have weak acidic properties, even H is likely to show the same 
effect unless the colloids are neutralized by bases, which reduces the competition 
of H for the exchange positions and increases the exchange capacity, thereby 
increasing the concentration of adsorbed K. Consequently, the K iBxation should 
quantitatively be very much influenced by the pH at which it is induced. On 
the other hand, such ions as Ca and particularly Na and Mg should facilitate 
the fixation because they have a smaller diameter than K and in many respects 
different chemical properties. 

So far as the author knows, no experiments have been reported dealing with 
the fixation of K as affected by a previous thorou^ saturation of the clay with 
different cations as discussed above. The purpose of the present investigation 
was, therefore, to focus attention on the problems outlined here. By use of 
radioactive K it was possible to study the fixation of added K on a clay saturated 
with H, Na, K, NH 4 , or Ca as well as to obtain some insight into the mech ani s m 
of the process. Since it was found from the data thus gained that some addi¬ 
tional information was desirable, further experiments dealing with the fixation 
of nonradioactive K in biotite saturated with H, NH4, Mg, or Ba were later 
carried out. 

EXPERIMENTS WITH RAMOACTIVE POTASSIUM® 

Materials and meOwds 

The experiments were carried out with Clarence soil from Illinois, classified 
as an illite and with an exchange capacity of 26 me./lOO gm. A fraction free 
from organic matter and with particle < 0.001 mm. was used for the experi¬ 
ments. Sixteen portions of 3.72 gm. (= an exchange capacity of 1 me.) were 
treated with 0.2 N HCl, N KCl, N NH 4 CI, N NaCl, and N CaCL respectively 
on a sand bath at 65-70® C. for 21 days. The solutions were changed every day 
during the first half of the treatment and then every 2 days. Finally the colloids 
were washed free from acid and salts with distilled water. By this long treat¬ 
ment at high temperature, part of the fixed K ions were supposed to have gone 
into solution and their vacant places to be occupied by the displacing cations. 

In one set of eight samples saturated with H, Na, NH4, K, or Ca, the easily 
exchangeable ions were replaced at room temperature by adding 6 me. of 
(C 2 H«) 4 NI^, centrifuging, adding a further 3 me. of the iodide, and then washing 
free from the excess with distilled water. The (C 2 H 5 ) 4 N ion was chosen for the 
replacement because it is somewhat larger than the other cations used (table 1 ). 
For this reason, it is able to replace only the easily accessible and exchangeable 
ions, that is, those on the outer surfaces of the mica particles, but it is not likely 
to replace the K fixed between the lattice sheets or the H, NH4, Na, or Ca that 
has taken the place of the fixed K released from the samples treated with these 
ions. Thus, these eight samples were saturated with two kinds of ions, namely, 
(C 2 H 6 ) 4 N+ in easily exchangeable position and H, K, NH4, Na, or Ca mainly in 

> This paxt of the investigation was carried out in 1948 at the University of Illinois 
Agricultural Experiment Station. 

* Obtained by the courtesy of H. A. Laitinen of the department of chemistry. 
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difficultly exchangeable position. Each of the other set of eight samples was 
saturated with only one kind of ion, H, K, NH*, Na, or Ca. 

To each of the samples was added 1.5 me. of KCl mixed with an appropriate 
amount of radioactive K2CO3. The radioactive K was isotope 42 with a half-life 
of 12.4 hours. Where the effect of the H-ion concentration on fixation was 
studied, part of the K was applied as KOH or K2CO3 or both, according to table 
2 , Because of difficulties in measuring the pH of the equilibrium solutions, only 
the relative order of acidity is given. 

Fixation was induced by heating the flasks in a water bath at 87° C. for 14 
hours "under conditions preventing loss of water. In the centrifuge, the exchange¬ 
able K was replaced at room temperature with 4 X 50 ml. of 0.5 N BaCb, fol¬ 
lowed by washing with water and treatment with 50 ml. of 0.1 N HCl to dis¬ 
place adsorbed Ba. The clays, freed from HCl, were dispersed with NaOH by 
vigorous shaking. In the diluted clay suspension the activity of radioactive K 
was determined in an annular ring type of vessel surrounding a vertical Geiger- 
Miiller tube and compared with standards. 


TABLE 1 
Ionic diameters 

According to Goldschmidt and Pauling 




Na+ 

Ca++ 

K+ 

NH 4 + 

Ba++ 

(C*Hi)4N+ 

Goldschmidt. 

A. 

1.56 

1.30 

X. 

1.96 

1.90 

A, 

2.12 

1.98 

A. 

2.66 

2.66 

A. 

2.86 

A. 

2.86 1 
2.70 

A. 

4.7* 

Pauling. 



Not taken from Goldschmidt but approximately computed from the iodide. 


Results and discussion 

Table 2 shows that the effect of the various cations on the fixation of K varied 
greatly. Although the long treatment with H, K, and NH 4 resulted in very low 
fixation, the treatment with Ca and, especially, Na resulted in greatly increased 
fixation in accordance with the theory. It should be pointed out that this oc¬ 
curred even though no drying was involved. Because of high salt concentration 
and high temperature, which increased the thermal motion of the firmly bound 
or fixed K ions, these could be displaced by Ca and Na. But when the excess 
salts were washed away and K was added, the adsorbed Ca and Na were easily 
replaced and refixation of K could take place. The fact that the fixation was 
very low and only slightly higher in the NH4- than in the K-saturated samples 
(cf. No. 7 with 11 and 9 with 12 ) indicates that in the fixed condition both ions 
are bound very firmly and with about the same strength and that they are 
fixed by the same mechanism. The very low value in the H-saturated samples is 
surprising. The clay may have lost part of its fixing capacity during the HCl 
treatment, or fixation may be low in a fully H (+Al)-saturated clay, an assump¬ 
tion which seems to be justified by the results from the following experiments. 

The effect of increasing pH is in agreement with the theory and with the 
results obtained by Stanford (13). Because of; the neutralizing effect of OH, the 
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amount of adsorbed K became greater. The increase in pH resulted in an in¬ 
crement of 500 per cent from samples 1 to 3 and from samples 4 to 6. The jBxa- 
tion and the absolute increment were only a little lower in the series where the 
exchangeable ion consisted of (C 2 H 5 ) 4 N"*" instead of H+. This fact indicates that the 
major part of the jfixation took place by the release of difficultly: replaceable H 
occupying the places where Khas a tendency to become fixed, that is, between the 
lattice sheets. It is interesting to note that even in the K series the increase in 
pH brought about a greater fixation. An additional amount of K could probably 
be fixed by replacing H not previously released despite the long treatment wilh 
KCl. 

It is noteworthy that the adsorbed (C 2 H 6 ) 4 N"^ caused a decrease in the fixation 
in the H-, Na-, and Ca-treated samples but an increase in the K- and NH4- 
treated ones. This might, at first sight, seem inconsistent, but it can be easily 
explained. (C 2 H 6 )N+ is more firmly adsorbed by the clay than are H+, Na+, and 
Ca-^, which leads to a reduced adsorption of the added K+ and hence a lower 
fixation in the former case than in the latter. In the K series, the added radio¬ 
active K has to compete with the inactive K for the fixation positions in the 
K-saturated sample, but this is not true to the same extent in the (C 2 H 6 ) 4 N- 
treated sample. In other words, the proportion of radioactive K is lower in the 
first case than in the second, and the transfer of radioactive K from exchangeable 
to fixed condition must therefore become less. The same explanation is valid 
for the NH4 series because NH4 shows about the same fixation tendency as K. 

The slight fixation of radioactive K by the K-treated samples clearly shows 
that the transfer of fixed K to replaceable K was very low despite ^e high 
temperature and the long reaction time. It must be presumed that no real equi¬ 
librium exists in the fixation process imtil the radioactive and the inactive K 
are equally distributed between the fixed and the unfixed conditions. The low 
rate of this exchange is shown by the following simple calculations: If the fixa¬ 
tion in sample 15 is arbitrarily considered as the maximum possible under the 
conditions obtaining and is put equal to the amount of K fixed during the KCl 
treatment and not replaced by the (C 2 H 6 ) 4 NI, the fixation in sample 7 is only 
5.6 per cent and, in sample 9, 4,9 per cent of that considered possible. This 
result is in complete agreement with the slow mobilizaton of fixed K under 
natural conditions foimd by several investigators. 

Several authors (3, 5, 9) have demonstrated that liming increases the fibmtion 
of K. In view of the present results this fact can be explained partly by the 
increase in pH and partly by the replacement of adsorbed Ca by K. If a soil is 
rich in lime, the adsorbed ions consist mainly of Ca, which is therefore likely, to 
some extent, to occupy places where K has a tendency to become fixed. This 
will be reflected in a tendency toward greater fixation of K applied in fertilizers. 

EXPERIMENTS WITH NONEADIOACTIVE POTASSIUM® 

To determine whether a similar relationship between the nature of the ad¬ 
sorbed ions and the capacity of K fixation to that found on the Clarence clay 

* This part of the investigation was carried out at the Institute of Pedology of the Agri¬ 
cultural College, Uppsala, Sweden. 
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will appear on other materials, some further experiments were carried out using 
the mineral biotite. 

The fact that the degree of K fixation was about the same on the K- and the 
NHrsaturated materials may be explained by a similarity either in the ionic 
size or in the chemical and physical properties of the K and NH 4 ions or by both 
factors together. So far as the ionic volume is concerned, the ions and Ba++ 
have the same radius, which is about the same as that of K+, whereas the radius 
of Mg++ is considerably smaller (table 1). If the ionic size were the only im¬ 
portant factor, NH 4 "^ and Ba"^ should affect the K fixation in the same manner, 
whereas Mg+^ should behave differently and increase the fiixation, in accordance 
with the results obtained on the Na- and Ca-saturated Clarence soil. 

In the following experiments, the fixation of K in biotite previously saturated 
with H, NH4, Mg, and Ba respectively was studied. The experiments also in¬ 
cluded a comparison between the fixation in biotite pretreated with 0.2 N HCl 
and in biotite pretreated with 0.02 N acetic acid, to obtain information of 
whether the low K fixation in material H-saturated by HCl treatment is caused 
by a destruction of the silicates or is due to the H(+Al)-saturated condition. 
Biotite is particularly well suited for this purpose, since it is known as a rapidly 
weathering material. 


Ezpenmental 

The biotite used in the experiments was ground and sifted through a 0.2-inm.- 
mesh screen. It was H-saturated by daytime treatment on a steam bath for 21 
days with (a) 0.2 N HCl and (ft) 0.02 N acetic acid in large quantities. NH4-, 
Mg-, and Ba-saturated biotites were obtained as in the previous experiments. 
After the excess electrolytes had been washed away by centrifuging, an amount 
of KCl corresponding to 13 me. per 100 gm. of biotite was added, the pH in the 
H-biotite being regulated by the substitution of KOH for KCL Fixation was 
induced by heating on a steam bath for 9 hours. The amount of fixed K was ob¬ 
tained as the difference between the K added and that recovered by one shaking 
with neutral normal ammonium acetate followed by an ample leaching on filter 
paper with the same solution. 

Results and discussion 

From table 3 it is evident that fixation increases materially with decreasing 
H-ion concentration. This is in agreement with the previous results. 

It appears further that the degree of K fixation was about the same in the 
biotite treated with 0.2 N HCl as in the one treated with 0.02 N acetic acid. 
Since it is highly probable that in the latter case the acid (pH = 3 . 2 ) exerted 
only a slight dissolving effect on the mineral—^no ocular change appeared— 
whereas the HCl caused a perceptible decomposition of the biotite and a notice¬ 
able increase in its volume, the remarkably low fixation in H-saturated materials 
can be assumed to depend on the H( 4 -Al)-saturated condition, caused even by 
very weak acids, rather than on destruction of the lattice by the acid treatment. 

As mi^t be expected, the fixation in the NBU-saturated mineral was very low 



FIXATION OF POTASSIUM BY CLAYS 


267 


(table 3). Surprisingly however, was the fixation in the Mg- and Bansatu- 
rated biotites, where it amounted to 91 and 76 per cent of the added K 
respeltively. 

In view of the essential difference in ion volume and chemical properties of 
Mg and K, it is conceivable that the Mg ions that have occupied places where K 
has a tendency to become fixed are easily replaced by the subsequently added K 
ions. 

The noteworthy fact that fixation in the Ba-biotite was 60 times as great as 
that in the NH4-biotite, despite the equal volume of Ba+^ and clearly 

shows that properties other than the ion volume also play a very important role 
in the fixation tendency of the ion and in the capacity of the ion in adsorbed 
position to prevent fixation of another ion. Furthermore, it indicates that, at 
least for micaceous material, no such intimate relationship between ionic volume 

TABLE 3 

Fixation of K by ground hiotite saturated by long treatment with JJ+, or 


ISXATBONT PSIOK TO ZIXATXON 



0.02 N CHaCOOH 


ojiirna 

NlfJEUa 

ilTMgCU 

WBaCh 

Biotite. gm. 

30 

30 


30 1 


30 


15 

15 

KCl added. me. 

4 

2 


^ i 

2 



2 

2 

KOH added. me. 

0 

2 

4 

■a 

2 

4 


— 

— 

pH at fixation. 

low 

medium 

highi 

low 


Mgh 


neutral 

neutral 

K fixed per 100 gm. 
biotite. me. 

0.18 

0.52 


0 

0.71 


0.20 

11.89 

9.86 

K fixed, percentage 
of added. 

1.38 

3.96 

5.66 


5.44 

6.69 

1.53 

91.2 

76.6 

Relative fixation.., 

1,0 

2.9 

4.1 

0 

3.9 

4.8 

1.1 

66.1 

54.8 


and tendency toward fixation exists as that concluded by Page and Bayer (10) 
for expanding minerals. 


RT TMMART AND CONCLTTSIONS 

A micaceous clay treated for 21 days at a temperature of 65-70®C. with HCl, 
NaCl, KCl, NH4CI, and CaCU respectively was used for the study of the in¬ 
fluence of adsorbed cations on the fixation of subsequently added radioactive K. 
By this long treatment, fixed K was replaced and the clay became highly satu¬ 
rated with the other cations. The fixation was found to be very low when the 
clay was saturated with H, K, or NH* but very high when saturated with Ca 
and, especially, with Na. The results were similar when the readily exchangeable 
H, Na, K, NHa, and Ca were replaced by (C*H8)*NI prior to fixation, which 
indicates that those ions had occupied vacant places resulting from the release 
of fixed K. 

Fixation experiments with ordinary K were also carried out on grormd biotite 
saturated in a gimilar way with H, NH4, Mg, and Ba. The fixation values were 
very low for the H- and NH4-biotite but very high for the Mg-saturated biotite 
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and even for the biotite saturated with Ba, which is surprising, since Ba"^ and 
NEU"^ have the same volume. 

The experiments can be said to have demonstrated the intimate relationship 
between the nature of the adsorbed ions and the degree of fixation of subse¬ 
quently added K. Naturally, the experimental values mean only the amoxmt of 
fixation under the given conditions and give neither the total fixation capacity 
of the materials nor the rate of fixation. 
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Phosphate fixation by acid soils has been the subject for research by many 
investigators, and various theories relative to the mechanism of such fixation 
have been evolved. It has been widely accepted that chemical precipitation of 
soluble phosphates by iron and aluminum accounts for much of the phosphate 
fixation in acid soils (2, 5, 6, 7, 10, 14, 15, 36, 41, 42). Other investigators (1, 4, 
8, 19, 21, 28, 29, 30, 31, 33, 38,43) have concluded that anion-exchange surfaces 
of clay minerals are effective in the removal of soluble phosphate from the soil 
solution. These investigators generally agree that the exposed iron and aluminum 
atoms of the crystal lattice of the clay minerals are responsible for the activity 
of the clay in the phosphate-fixation process. Perkins et oZ. (25), Black and Low 
(1,22), and Sieling (36) have shown that kaolin, unless finely ground or subjected 
to chemical treatment that will break down its structure to give free alumina, 
possesses little capacity to fix phosphate. 

From all of these researches it becomes apparent that iron and aluminum are 
the principal agents responsible for phosphate precipitation in acid soils. Gaarder 
(10) and ILarlson and Mattson (18) have shown that phosphate is adsorbed by 
many soil particle surfaces in a loosely fixed or “saloid-bound” form. They con¬ 
sider that this ‘^saloid-bound” phosphate is available for plant use and that it 
is readily replaced from the adsorbed state by neutral salt solutions which would 
not be effective in replacing the chemically bound or fixed phosphates. 

Most methods for determining the phosphate-fixing capacity of soils and soil 
separates are based on treatment of a sample with a solution of known phosphate 
concentration under specific conditions (3, 8,12, 24, 26, 27, 32). This is followed 
by a separation of the sample from the saturating solution by filtration or centrifu¬ 
gation and washing of the residual phosphated sample with an appropriate solvent 
to remove the excess reagent used for saturation. The phosphated sample is then 
treated with a reagent to displace the fixed phosphate, which is subsequently 
determined by a recognized method. Many difficulties are encountered when this 
procedure is used. It is very difficult to remove the excess reagent with the selec¬ 
tive solvent without a loss of phosphate from hydrolysis. The displacement of 

1 Contribution No. 733 Massachusetts Agricultural Experiment Station, Amherst, Mass. 
Part of a thesis submitted by the senior author to the graduate school, University of Massa¬ 
chusetts, in partial fulfillment of the requirements for the doctor of philosophy degree. 

* Teaching fellow in agronomy and head of agronomy department. University of Massa¬ 
chusetts, respectively. The senior author is now professor of agronomy. Southern Univer¬ 
sity, Baton Rouge, Louisiana. The authors express their appreciation to those members of 
the agronomy departments of Alabama, North Carolina, New Jersey, Maine, and Vermont 
who furnished samples studied in this investigation. 
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the fixed phosphate by most of the reagents employed results in the solution of 
organic phosphates with resulting high values for phosphate fixation. Soils treated 
with strong phosphates become dispersed, making filtration procedures very difiS- 
cult. This dfficulty may be resolved by centrifugation technique, which requires 
considerable time to complete the saturation of the sample with the reagent, 
removal of the excess reagent, and removal of the fixed phosphate from the soil 
for determination: about nine or ten centrifugings are required for each sample. 

If iron and aluminum are the principal substances that react with phosphate 
to give relative values for phosphate fixation in these direct methods, it seemed 
logical that these active fixing components might be extracted and determined 
directly to give a relative value for fixing capacity of a soil which would cor¬ 
respond to that obtained by the more laborious direct method. The objective of 
this research was to develop an indirect method for determining the relative 
phosphate-fixing capacity of acid soils based on the extraction of the iron and 
aluminum from the soil under controlled conditions and the subsequent detenni- 
nation of these elements together in the extract. 

EXPERIMENTAL 

DeterminaMon of iron and aluminum together in solution 

Before a satisfactory method, based on the amount of extractable iron and 
aluminum, for estimating phosphate-fixing capacity could be developed, it was 
necessary to find a simple but accurate method for determining these elements 
together, with special reference to their combining power for phosphate or their 
chemical equivalency. Any gravimetric method involving direct weighing of iron 
and aluminum precipitates would prove unsatisfactory, as no indication of the 
combining power would be obtained, unless the elements were first separated 
quantitatively, because of the difference in their equivalent weights. 

Several methods were investigated including that of Kampf (17), which allows 
for determining iron and aluminum together by precipitating both with 8-hydroxy- 
quinoline, dissolving the precipitate, and subsequently brominating the equiva¬ 
lent 8-hydroxyquinoline with standard bromide-bromate solution. The literature 
offers a number of means by which iron and aluminum can be separated and 
appropriate methods for determining each separately. Of these, the authors used 
that given by Smith (37) for the separation and determination of iron with 
cupferron, and the method of Kolthoff and Sandell (20) for the determination of 
aluminum with 8-hydroxyquinoline. 

Although these methods are satisfactory, the desirable accuracy was not ob¬ 
tained with the Kampf method because of difficulties encountered in obtaining 
a satisfactory end point in the titration, and the separation of the elements in 
the Smith procedure required considerable time. It was believed that a method 
might be developed whereby iron and aluminum could be determined in solution 
together using phosphate as the precipitating agent. The phosphate combined 
could then be determined by any appropriate method and would not only give 
the combining or fixation power of both the iron and aluminum, but would also 
give this value in terms of phosphate. 
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Scott (34) gives a method of determining aluminum as the phosphate in which 
the pH of the solution is adjusted by using methyl orange as an indicator and the 
aluminum is precipitated with phosphate, washed with hot 5 per cent ammonium 
nitrate, and finally ignited to AIPO4. Swenson, Cole, and Sieling (40) showed that 
aluminum and iron imdergo the same general reactions in the presence of phos¬ 
phate; the maximum precipitation of basic iron phosphate was at pH 2.5 to 3.5, 
and of basic aluminum phosphate at pH 3.5 to 4.0. These investigators showed 
that under the proper conditions of pH and phosphate concentration either iron 
or aluminum was precipitated stoichiometrically by phosphate—1 mole of iron 
or aluminum precipitated 1 mole of phosphate to form compounds of the same 
general formula. An attempt was made, therefore, to determine iron and alumi¬ 
num together in solution as total sesquioxides, without regard to the relative 
amounts of either present, by using phosphate as the precipitating reagent and by 
controlling the pH and other factors affecting the reaction. It was necessary that 
the determination give a value representing the combining power of the total 
sesquioxides and not a weight value, as the relative proportions of iron and 
aluminum in a soil extract may vary widely from one soil to another, and both 
are almost invariably present. The detailed method developed follows: 

A solution free of organic matter and containing between 0.05 and 1.0 millimol of iron 
and aluminum or either element separately is placed in a 250-ml. beaker and 100 ml. of 
0.03 M KH 2 PO 4 (3 millimols), 10 ml. of 20 per cent NaCl, and 3 ml. of 60 per cent HCIO* 
are added. Two drops of methyl orange is then added and the solution is heated to boiling 
and titrated with approximately N NaOH until a color change to yellow is observed. Dilute 
HCl is used to back-titrate the solution to a slight orange color. This is the color change 
interval of methyl orange and is at a pH of approximately 3.4-3.5. The sample is then 
heated near the boiling point on the hot plate for 30 minutes. After digestion, the hot solu¬ 
tion is filtered through No. 42 Whatman filter paper and the filtrate discarded. The pre¬ 
cipitation beaker is washed thoroughly with hot 1 per cent NaCl adjusted to pH 3.4 and 
the wash liquid poured over the precipitate on the filter. This washing is allowed to drain 
completely from the filter, and the filter and precipitate are washed two additional times 
with the hot 1 per cent NaCl solution. Care should be taken that the precipitate is dis¬ 
turbed as little,as possible by directing the wash solution around the top of the filter. When 
the third washing has completely drained through the filter, hot 1 per cent perchloric acid 
is used to dissolve the precipitate on the filter into a 500-mI. volumetric fiask. The pre- 
cipitate must not he allowed to dry. The precipitation beaker is washed thoroughly with the 
hot perchloric acid solution and the contents are poured through the filter. After cooling, 
the solution is made to volume. After appropriate dilution, an aliquot is taken for the 
determination of phosphate by the method of Sherman (35). 

The upper limit of 1 millimol of the iron and aluminum should not be exceeded, 
or diflficulty in removing the excess phosphate, especially that which is '‘saloid- 
bound,” will be encountered. The sodium chloride and the perchloric acid added 
prior to precipitation and the sodium chloride solution used for washing the pre¬ 
cipitate are necessary to prevent the saloid binding of phosphate, to aid in re¬ 
moval of the excess phosphate, and to prevent peptization of the insoluble basic 
iron and aluminum phosphates. Other salts such as NH4NO3, KNO3, and KCl 
could be used as well for this purpose. The precipitation is carried out at pH 3.4- 
3.5, which is within the range of maximum precipitation of both iron and alumi¬ 
num as shown by Swenson et aL (40). The sodium chloride wash solution was 



272 


OASIiAin) B. BASS AlTD BALES H. SIELINO 


adjusted to the same pH to prevent solution of the precipitates during removal 
of the excess phosphate. Experience diowed that a very fine, highly retentive 
filter paper was essential to prevent loss of the basic aluminum phosphate which 
precipitates in a very fine state under the conditions of the determination. Ex¬ 
cessive washing of the precipitate should be avoided. 

The reliability of this method for determining mther the iron or the aluminum 
or both together in a solution is indicated in table 1. Stock solutions of iron and 
aluminum chlorides were used to prepare samples 1, 2, and 3. Samples Mg, M$, 
and Ml were soil extracts obtained later in this investigation. In all cases the 
individual iron determinations were made by the cupferron method of Smith 
(37), and the aluminum by the 8-hydroxyqumoline method of Kolthofif and San- 
dell (20) after removal of the iron by cupferron. 

This method is accurate for the determination of iron and aluminum together 
in solution and can be used for determination of these elements in soil extracts, 

TABLE 1 


Determination of iron and aluminum by coprecipitation as basic phosphates at pH S.4. and by 
separate determination of iron with cupferron and aluminum with 8-hydroxyquinoline 


SAMPLE 

ADDED 

IRON DETER- 
MZNSD BY 
CUPFERRON 

ALUIUNUM 
DETBRMXNSD BY 
S-HYDROXYQUIN- 
OLZNE 

TOTAL OF IRON 
AND ALUMINUM 

IRON PLUS ALU¬ 
MINUM FOUND BY 
CO-PRECZPXTA- 
TZON WITH 
PHOSPHATE 

AT ixB[ 3.4 

Fe 

A1 


mmol. 

mmol. 

mmol. 

mmol. 

mmol. 

mmol. 

1 

— 

1.00 

— 

1.016 

1.016 

0.990 

2 

1.00 

— 

mSSM 

— 

1.001 

0.995 

3 

0.50 

0.50 


0.508 

1.011 

0.996 

Ma 

— 

— 

24.25 

13.40 

37.6 

37.3 

Ma 

— ! 

— 

20.25 

16.29 

36.5 

35.8 

M4 

— 

— 

13.02 

21.75 

34.8 

34.3 


clays, cement, and other materials where total quantities of sesquioxides are de¬ 
sired without reference to the individual elements. 

Developing the method for extracting iron and aluminum from soils 

Citric acid and citrates have been shown to be effective in dissolving fixed 
phosphates from soils (8, 9,16). Swenson et ah (40) have reported that citrates, 
when present in sulBBicient quantity, have the ability to prevent precipitation of 
iron or aluminum as phosphates or hydrates. Recent observations by Struthers 
and Sieling (39), in this laboratory, have shown that 1 millimol of citrate will 
almost completely complex 1 miUimol of iron and prevent precipitation by either 
phosphate or hydroxide at pH 4.0 to pH 6.0. Only 0.5 millimol of citrate was re¬ 
quired to complex 1 millimol of aluminum under the same conditions. Thus 
citrate has the property of dissolving botii iron and aluminum even when these 
elements have been precipitated by phosphate or hydroxyl because of the great 
stability of the complex ions formed. Citric acid was chosen as the solvent for 
the iron and aluminum in soils because of this ability to dissolve relatively in- 
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soluble compounds of iron and aluminum which would be efEective in precipi¬ 
tating phosphate in the direct method or under natural conditions in the soil 
and because it could be easily removed from the extract by oxidation and thus 
not interfere with the subsequent quantitative determination of these elements. 
The concentration of the citric acid solution used and the time of extraction of 
the soil with the solution were determined by systematically studying the effects 
of these variable factors on the amount of iron and aluminum extracted. 

Influence of ccmcentration of citric acid on amount of iron and aluminum ex¬ 
tracted from soils. A series of samples of a soil were digested for 1 hour in a boiling 
water bath with citric acid, filtered while hot, and washed thoroughly with hot 
water, and the content of iron and aluminum was determined in the filtrate. 
Each set of duplicate samples was treated with a varying molar concentration of 
citric acid ranging from 0.1 to 1.0 inclusive, but otherwise they received the same 
treatment. The amounts of iron and aluminum extracted, expressed as phosphate- 



Fig. 1. Effect of Concentration of Citric Acid on Amount of Iron and Aluminum 

Extracted from a Soil 

fixing capacity per 100 gm. of soil, as influenced by the molarity of the citric acid 
are shown graphically in figure 1. 

A gradual increase in iron and aluminum extracted as measured by the phos¬ 
phate-fixing capacity can be seen. Black (1) found that increasing the concentra¬ 
tion of phosphate in the saturating solution increased the phosphate-fixing values 
obtained. Similar observations were made by Ghani and Islan (11). Rubins and 
Dean (31) used several extracting solutions including phosphate, arsenate, fluo¬ 
ride, and hydroxyl in their studies of anion exchange, and found that in every 
instance increasing the concentration of the extracting solution increased the 
anion-exchange capacity values obtained. Low and Black (22) showed that with 
increased concentration of phosphate solution a corresponding increase in phos¬ 
phate-fixing capacity of the kaolin substrate occurs. They offered the explanation 
that kaolinite dissociates weakly into alumina and silicate ions, and in the 
presence of a substance which forms a stable complex with either the alumina or 
the silicate, a continuous breakdown of the kaolin molecule occurs. It is thus 
apparent that a concentration of extracting solution which will give an absolute 
value of phosphate-fixing capacity cannot be found, since the value will increase 
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progressively with an increase in concentration as a result of continuous release 
of aluminum or iron by the breakdown of the clay mineral. 

Influence of time of digestion on 'phosphate fixing values. Several investigators 
(8, 21, 22, 25, 36) have reported that phosphate-fixation values increased pro¬ 
gressively as the time of treatment of the soil with the reagents was increased. 
Different reagents produced different rates of increase in these values, depending 
upon their relative effectiveness in breaking down the soil minerals. To determine 
the exact time of digestion required to give values for phosphate fixation of soils 
by the citric-acid-extraction method which would be comparable to those ob¬ 
tained by the direct phosphation method, it was essential to determine the in¬ 
fluence of time of digestion on values obtained by both of these methods. 

In a boiling-water bath, 25-^m. samples of five soils representing var 3 dng phos¬ 
phate-fixing capacities were digested with 75 ml. of 0.5 ikf citric acid in fliasks at- 

TABLE 2 

Influence of time upon phosphate-fixing capacity of soils measured by the citric acid method 

and by the method of Piper 
Capacity in millimols per 100 gm. soil 


PEOSFSAIB-FZXINO CAPACITY 


TIMX 

Citric-Add Method 

Piper’s Phosidiate Method 

Soil 718A 

SoU2 

Soils 

Soils 

Soil 6 

SoU 

718A 




Soils 

hours 











1 

20.6 

8.8 

29.6 

24.1 

56.6 

14.1 

4.5 

20.3 

17.1 

30.6 

2 

24.6 

12.1 

36.1 

30.5 

68.4 

18.5 

5.4 

24.5 

20.0 

37.1 

3 

29.8 

14.3 

41.0 

35.2 

76.1 

20.3 

6.2 

26.3 

23.2 

45.6 

4 

31.8 

16,0 

43.0 

36.7 

76.8 

20.9 

8.0 

28.6 

24.0 

54.1 

6 

32.4 

17.1 

43.6 i 

38.6 


22.9 



35.9 

56.9 

168 

63.3 





29.4 





336 

72.9 





43.5 






73.6 





44.0 





672 

82.4 ! 





48.6 






tached to reflux condensers for periods ranging from 1 hour to 4 weeks. The 
digested soils were filtered while hot and were washed with hot water. Iron and 
aluminum extracted in different periods of time, expressed in terms of millimols 
of phosphate-fixing capacity, are shown in table 2. 

The phosphate-fixing capacities of these same five soils were determined by a 
direct phosphation method similar to that described by Piper (27). The samples 
were phosphated with a solution of 0.5 M KH 2 PO 4 adjusted to pH 3.4 with 0.5 M 
H 8 PO 4 . Centrifuge tubes containing the samples and phosphating solution were 
attached to reflux condensers and heated in a boiling-water bath for periods 
ranging from 1 hour to 4 weeks. After the desired period of phosphation had 
elapsed the phosphate fixed was determined by the modified Piper method de¬ 
scribed later. The values for phosphate-fixing capacities of the five soils as in¬ 
fluenced by time of treatment are shown in table 2. 
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Obviously neither of these methods will give an absolute value for phosphate¬ 
fixing capacity, but they will give relative values which are comparable when 
the conditions of the determinations are fixed. 

For comparable time the citric-acid method gave higher values than the Piper 
method. This indicates that citric acid has a greater coordinating power with 
iron and aluminum than does phosphate. These results substantiate the findings 
of many other investigators (8, 9,13, 16, 21, 40, 43). The increase in values ob¬ 
tained with increase in time of digestion suggests a continuous breakdown of the 
clay minerals involved, with accompanying release of iron and aluminum that 
can participate in the precipitation of phosphate. Low and Black (22), Ghani 
and Islan (11), Black (1), Perkins and King (26), and Dean and Rubins (8) used 
phosphate, 8-hydrosyquinoline, arsenate, hydroxyl, and other materials and 
foimd phosphate-fixation values increased with increasing time of digestion. 

It was observed that the values obtained by 1-hour extraction with 0.5 M 
citric acid were strikingly similar to the values obtained by 4-hour digestion with 
0.5 M KH 2 PO 4 . To compare values obtained from the two methods it was 


TABLE 3 

Phosphate-fixing capacity of soil 718a after extraction with citric acid for various periods 






SAICPLB 





1 

2 

3 

4 

5 

6 

7 

8 

Time of extraction with 0.5 M 
citric acid. hrs. 

1 

5 

10 

15 

20 

! 

168 

336 

672 

Phosphate-fixing capacity of soil 

after extraction. 

mmol.llOO gm. soil 

9.6 

6.3 

4.8 

2.5 

2.3 

1.4 

1.4 

1.2 


decided to adopt 1-hour digestion with 0.5 M citric acid as standard in the citric- 
acid procedure and 4-hour digestion with the 0.5 M IQB 2 P 04 adjusted to pH 
3.4 with 0.5 M H 8 PO 4 as standard for direct phosphation method of Piper. 

Reduction of phosphate-fixing capacity of soil by removal of iron and aluminum 
with citric add- Eight samples of soil 718a were digested with 0.5 M citric acid for 
periods ranging from 1 hour to 4 weeks. The soils were filtered, washed with hot 
water, and allowed to dry for several days. These extracted soils were then tested 
for phosphate-fixing capacity by the direct phosphation method. The values for 
the residual phosphate-fixing capacity are recorded in table 3. 

The results indicate that the active components of the soil responsible for phos¬ 
phate fixation are soluble in citric acid and are probably iron and aluminum. 
Kelley and Midgley (19), Dean and Rubins (8), Coleman (5), Metzger (24), and 
others have presented similar findings. The fact that the soils fix phosphate after 
long periods of digestion with citric acid indicates that there is a continuous 
breakdown of soil minerals by the phosphate reagents; however, the more readily 
soluble iron and aluminum are almost completely removed by citric acid in 15 
hours. These most readily soluble fixing components are believed to be largely 
responsible for phosphate fixation under field conditions. 
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Procedure for determinating plwaphaie-fixing capacity by citric add meHhod, 
It is obvious from the results just presented that there is no absolute value for 
phosphate-fixing capacity; however, under fixed experimental conditions a rela¬ 
tive value which may be used for comparing soils can be obtained. The specific 
experimental details of the method developed in this study are as follows: 

A prepared soil sample of 20 gm. is weighed into a 400-inl. beaker, mixed with 75 ml. of 
0.5 M citric acid, and digested in a boiling water bath for 1 hour with periodic stirring. 
The solution is then removed and iSltered through No. 41 or 40 Whatman filter into a 500- 
ml. volumetric flask, followed by washing with hot water. When the filtrate is sufficiently 
cooled, it is made to volume, mixed, and a 25-ml. aliquot pipetted into a 250-inl. beaker. 
The aliquot is evaporated nearly to dryness and 10 ml. of concentrated HNOs is added. 
The mixture is heated on the hot plate for about 20 minutes and 5 ml. of 60 per cent HCIO4 
is added. Heating is continued imtil heavy white fumes of HCIO4 appear, then for an addi¬ 
tional 20 minutes to ensure complete oxidation of all organic matter and the iron. When 
the sample is sufficiently cool to avoid spattering it is diluted with 20 ml. of distilled water. 
Further treatment is then continued in detail as described under method for the determina¬ 
tion of iron and aluminum by precipitation as the basic phosphates, except that the 3 ml. 
of HCIO4 need not be added because it is already present in the processed soil extracts. 
The number of millimols of phosphate found is equivalent to the number of millimols of 
both iron and aluminum present in the original citric extract of the soil, and represents 
the fixing capacity of that soil when calculated in terms of millimols per 100 gm. of soil. 

Comparison of citric add method and Piper^s method for determining phosphate¬ 
fixing capadty of representative add soils. Since most of the current meliiods of 
determining phosphate-fixing capacity are similar to Piper’s (27) tentative 
method for determining anion exchange, it was believed that a comparison of 
the values obtained from the citric-acid method and a method which was essen¬ 
tially that of Piper would be of some value in establishing the validity of this 
developed method. The Piper method was modified as follows, consistent with 
the observation that saloid-bound or adsorbed phosphate could be removed 
by a high concentration of neutral salt. 

Five-gram samples of soil were weighed into 60-ml. centrifuge tubes, and enough 0.5 ilf 
KHaP04-H8P04 at pH 3.4 was added to bring the total volume to 40 ml. The mixture was 
thoroughly stirred and then digested on a boiling water bath for 4 hours. At the end of this 
time the centrifuge tubes were removed and centrifuged for 15 minutes at 2,500 r.p.m. The 
supernatant liquid was poured off and 40 ml. of hot 1 per cent NaCl added to each sample. 
The tubes were thoroughly shaken, heated for 30 minutes on the water bath, and then 
centrifuged again. The supernatant liquid was poured off and a second washing with 1 per 
cent NaCl made. Following this, three washings were made with 70 per cent ethyl alcohol 
containing 2 per cent NaCl. The samples were thoroughly shaken each time and centrifuged 
without being heated. All liquid was allowed to drain out of the centrifuge tubes after 
each centrifuging. The samples were digested on the hot water bath for 1 hour with 0.5 M 
citric acid to displace the fixed phosphate, filtered into a 250-ml. volumetric flask, cooled, 
and made to volume, after which a 25-ml. aliquot was taken for oxidation with HNOs and 
HCIO 4 . Oxidation was continued to dense fumes of HCIO 4 . The oxidized material was 
cooled and filtered into a 250-ml. flask, made to volume, and a 10-ml. aliquot taken for 
phosphate determination by the method of Sherman (35). The 10-ml. aliquot represented 
20 mgm. of soil and was calculated on the basis of millimols of phosphate fixed per 100 gm. 

Thirty-oine soils from Alabama, North Carolina, New Jersey, Maine, Ver¬ 
mont, and Massachusetts were used in the comparative study of these methods. 
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TABLE 4 


Comparison of citric-acid and modified Piper methods for determining phosphate-fixing 
capacity of representative add* soils 
Capacity in millimols per 100 gm. soil 


SOIL NO. 

SESZBS 

LOCATION 

DESDSlPnON 


SHOSPBATB- 
PDONG CAPAOTY 

Citric- 

Acid 

Method 

Piper 

Mefibod 

A3 

Norfolk loamy sand 

Alabama 

Low P fixing 

4.6 

7.7 

7.3 

NC2 

Alamance 

North Carolina 

1.64 anion-exchange 
capacity! 

4.3 

7.2 

7.5 

854 

Norfolk sandy loam 
(deep phase) 

Alabama 

A horizon, 5 inches 

5.6 

4.7 

7.8 

2 

Agawam FS 

Amherst, Mass- 

Subsoil 

5.5 

8.8 

8.0 

A2 

Cecil silty clay loam 

Alabama 

Medium P fixing 

4.6 

12.4 

10,6 

813 

Norfolk fine sand}’- 
loam 

Alabama 

A horizon, 5 inches 

3.9 

10.6 

11.5 

872 

Hartsells fine sandy 
loam 

Alabama 

A horizon, 5 inches 

4.5 

10.0 

12.3 

NJl 

Evesboro loamy sand 

New Jersey 

Fixation 8.8 me./lOO 
gm. soil 

4.3 

10.9 

12.6 

V3 

Poultney fine sandy 
loam 

Vermont 

25% P fixation! 

6.9 

14.0 

13.1 

NCI 

White Store 

North Carolina 

3.71 anion-exchange 
capacity/100 gm. 
soil 

3.7 

12.3 

13.5 

NC3 

Cecil 

North Carolina 

4.42 anion exchange 
capacity! 

5.3 

12.9 

15.5 

NJ2 

Colts Neck sandy 
loam 

New Jersey 

Fixation 25.0 me./ 
100 gm. soil 

4.3 

12.9 

17.5 

718A 

Sufi^eld sandy loam 

Amherst, Mass. 

A horizon, 0-8 
inches 

4.9 

20.6 

20.3 

A1 

Eutaw clay 

Alabama 

High P fixing 

4.4 

20.6 

20.8 

855 

Cecil clay loam 

Lafayette, Ala. 

A horizon, 5 inches, 
pH6.2 

5.8 

[ 20.1 

21.7 

5 

Suffield sandy loam 

Amherst, Mass. 

Topsoil 

6,2 

24.1 

24.0 

814 

Lufkin clay 

Alabama 

A horizon, 5 inches 

4.5 

25.0 

25.7 

3 

Agawam fine sandy 
loam 

Amherst, Mass. 

Topsoil 

5.3 

29.6 

28.6 

735A 

Becket stony loam 

Tolland, Mass. 

A horizon, 2-3 
inches 

4.0 

29.8 

32.0 

M3 

Caribou loam 

Maine 

Surface soil 

4.1 

35.8 

33.7 

M4 

Caribou loam 

Maine 

Surface soil 

4.6 

34.3 

34.2 

V2 

Calais loam 

Vermont 

57.5% P fixation! 

5.3 

35.9 

35.6 

M2 

Bangor loam 

Maine 

Surface soil 

5.8 

37.3 

38.6 

732B 

Berkshire sandy ! 

loam 

Hawley, Mass. 

B horizon, 7-20 
inches 

4.9 

41.5 

39.9 

M7 

Caribou loam 

Maine 

Subsoil 

5.2 

38.0 

40.3 

V4 

SufSield sandy loam 

Vermont 

65% P fixation! 

4.9 

38.2 

40.7 

M6 

Caribou loam 

Maine 

Smf ace soil 

5.2 

38.6 

40.8 

Ml 

Bangor loam 

Maine 

Surface soil 

5.6 

39.9 

40.8 

M5 

Caribou loam 

Maine 

Surface soil 

5.2 

44.4 

44.5 
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TABLE i—ConHnited 



SERIES 

LOCATION 

descbiption 

pH 

PSOSPEATE* 
nXINO CAPACITY 

SOIL NO. 

Gtric- 

Acid 

Met^ 

Piper 

Method 

732C 

Berkshire sandy 
loam 

Hawley, Mass. 

C horizon, over 20 
inches 

4.5 

40.6 

45.0 

NJ3 

Norton silt loam 
loam 

New Jersey 

Fixation S7.5 me./ 
100 gm. soil 

4.6 

40.0 

45.2 

732A 

Berkshire sandy 
loam 

Hawley, Mass. 

A horizon, 0-7 
inches 

4,6 

44.6 

46.0 

731B 

Blandfordloam 

Hawley, Mass. 

B horizon, 8-24 
inches 

4.2 

47.1 

46.5 

719A 

Sufiield silty loam 

Amherst, Mass. 

A horizon, 0-8 inches 

5.2 

46.6 

47.5 

VI 

Podzol B horizon 

Vermont 

100% P fixation! 

4.1 

62.0 

51.4 

MS 

Buxton silt loam 

Maine 

Subsoil 

5.6 

48.2 

51.6 

731A 

Blandfordloam 

Hawley, Mass. 

A horizon, 0-7 inches 

5.7 

50.6 

52.0 

6 

Suffield clay 

Amherst, Mass. 

Subsoil 

7.8 

56.6 

56.9 

735B 

Becket stony loam 

Tolland, Mass. 

B horizon, 3-16 
inches 

5.8 

81.4 

74.2 


* All soils except No. 6 were acid, 
t MeUich’s Method (23). 
t Heck’s Method (13). 


These soils represented wide variations in phosphate-fixing capacities, in pH, 
and in parent materials. The relative phosphate-fixiiig capacities of these soils 
as determined by the two methods are shown in table 4. The values obtained 
for each soil by the two methods are essentially the same, but the dtrate- 
extracting method developed here is faster and more easily carried out. 

STJMMABY AND CONCLUSIONS 

A method was developed for determining the relaiive phosphate-fibdng capacity 
of acid soils. The method depends upon the extraction of iron and aluminum 
from the soil by 0.5 M citric acid under fixed conditions of temperature and 
time. The amount of iron and aluminiun extracted was found to a measure 
c£ the relatwe phosphate-fiixiiig capacity of the soil. 

A method was developed for determining iron and aluminum together in 
solution by precipitation with phosphate under fixed conditions. The resulting 
precipitate is then dissolved and analyzed for phosphate to give the total iron 
and aluminum equivalent of the pr^ipitate. The advantage of this method is 
its simplicity and the elimination of necesmty for separation and individual 
determination of the two dements. This method can be employed for determin¬ 
ing the total sesquioxides, iron and aluminum, in soil extracts, clays, cement, 
limestone, and other materials. 

The relative phosphate-fixii^ capacity of 39 representative soils from Alabama, 
Maine, Massachusetts, New Jersey, North Carolina, and Vermont was deter¬ 
mined by the developed rnethod and by a direct phosphation method. The values 
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obtained by both methods were practically the same for each soil. The soils 
used showed a range of values from 4.7 to 81.4 millimols phosphate-fijdng 
capacity per 100 gm. 

Both methods used gave only relaMve values for phosphate-fixing capacity 
of soils. Changes in the conditions of the determination would change the 
values obtained. The choice of standard conditions for the method developed 
here was based on preliminary investigations which showed that 1-hour diges¬ 
tion and extraction of a soil with citric acid gave values for phosphate-fixing 
capacity which were of similar magnitude to those obtained by 4-hour digestion 
in the direct phosphation method. 

All the results obtained here indicate that there is no absolute value for 
phosphate-fixing capacity of a soil; that the agents responsible for phosphate 
fixation in acid soils are iron and aluminum; that the most active iron and 
aluminum can be removed from a soil by extraction with citric acid; and that 
the citric-acid extracted soil has very little phosphate-fixing capacity except 
that which results from the degrading action of the phosphate reagent on the 
more resistant minerals of the soil. 
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In the Pacific Northwest, soils previously planted in apple trees have long 
been known to be unproductive for certain plants because of accumulation in 
the soil of residues from lead arsenate sprays. Vandecaveye et ah (8, 9), in study¬ 
ing the failure of alfalfa and barley to grow in such soils, demonstrated that 
arsenic in the soil was responsible for the toxic effects. Morris (6) compared 
the tolerance of various orchard cover-crop plants to arsenic toxic soils and 
found only the grasses to be resistant. 

Reeves and Hutchins (7), in a plant disease report, were the first to describe 
the symptoms of arsenic injuiy on peach trees planted in old apple land. They 
concluded that the disorder was not a disease but a result of toxic materials 
in the soil. Blodgett (2) found similar symptoms on peach and apricot trees in 
Idaho, and produced the same disorder in potted plants by treatment with lead 
arsenate. With leaf analysis, Linder (4) showd that foliar injury in peach trees 
is associated with the arsenic content of the leaves. He found’that sjonptoms 
of injury appeared in those trees that had accumulated arsenic in the leaves 
in excess of 2 ppm. on a dry-weight basis. 

Arsenic injury in peach trees is first exhibited in midsummer by a brown to 
red coloration along the leaf margins. This is followed by similar discoloration 
scattered throughout the leaf between the veins. Many of the spot colorations 
die and soon drop out, giving the leaf a shot-hole appearance (fig. 1). In severely 
affected trees, defoliation in vaiying degrees up to 100 per cent follows discolora¬ 
tion and shot holing of the leaves. The injury is first exhibited on the older 
leaves. Young leaves at the tips of terminal growth often remain normal in 
appearance throughout the season, even though the rest of the tree may show 
severe injury. Affected trees are usually stunted; but there is a tendency for 
most injured trees eventually to recover from the disorder after a period of years. 
Yield of fruit is reduced, and in cases of severe injury the fruit is small and 
astringent in flavor. 

Preliminaiy work was conducted during the period 1943 to 1945 on peach 
trees planted in arsenic-toxic soil. Soil amendments applied to these trees in¬ 
cluded ammonium phosphate, ammonium sulfate, zinc sulfate, iron sulfate, 
and normal superphosphate. The result of this exploratory work indicated that 
sine sulfate and iron sulfate were promising for correcting arsenic injury as 
measured by visual symptoms. Superphosphate alone had no effect, whereas 

^ The authors are indebted to R. C. Lindner, Washington Agricultural Experiment 
Station, formerly of the U. S. Department of Agriculture, for initiating the e.xploratory 
work on this problem, and for his review of this manuscript. 
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combination of the metal salts ^vith nitrogen and with phosphoms reduced 
arsenic injury. The investigations herein reported were primarily concerned 
with the effect of combinations of nitrogen and zinc treatments for correcting 
arsenic injury of peach trees. 



Fig. 1. Absenic-Injured Peach Leaves from Trees Growing in Arsenic-Toxic Soil; 

Normal Leaf in Upper Left 

MATERIALS AND METHODS 

A total of 21 experimental treatments involving 521 Elberta peach trees in 
six different orchards in both the Wenatchee and Yakima districts were used 
in this work. The trees varied in age from 3 to 6 years and were growing on 
land from which apples had been removed 5 to 10 years prior to the planting 
of peach trees. The soil reaction in the Wenatchee orchards ranged from pH 
5.4 to 6.6; that of the Yakima orchards varied from pH 7.9 to 8.3. For most of 
the treatments applied, 10 randomized trees per treatment were used. 

All soil amendment materials were broadcast around the tree in a circle 
approximately 8 feet in diameter. Such materials as sulfur, zinc sulfate, and 
ferrous sulfate were applied in one application during the dormant season; 
nitrogen was used in split applications, half in December or January, and half 
in May or early June. Both sulfate of ammonia and ammonium phosphate 
(16 per cent nitrogen, 20 per cent available P 2 O 5 ) were used as a source of nitro¬ 
gen. The winter applications of nitrogen were made by the grower. Whether 
ammonium sulfate or ammonium phosphate was used depended upon the 
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market availability at the time. Three of the experimental orchards were irri¬ 
gated by rills or ditches; in these three orchards the summer nitrogen was 
placed in the irrigation ditches in the immediate area of the individual trees. 
In the other three orchards, which were sprinkler-irrigated, the summer nitrogen 
was applied in a circular area about the trees as explained above. Two rates of 
nitrogen fertilization were used: the medium nitrogen level, or check treatment, 
consisted of annual applications of about 0.7 pound of nitrogen per tree, and 
the high nitrogen level consisted of annual applications of double that amount, 
or 1.4 pounds. The medium nitrogen level closely approximated the amount 
of nitrogen applied to peach trees annually in commercial orchards. Zinc sulfate 
(25.5 per cent Zn) was applied at two rates, 5 and 10 pounds per tree. Most of 
the zinc sulfate treatments involved but one application. Some repeat applica¬ 
tions of zinc sulfate were made; these will be discussed later. 

Records of foliage color, percentage of shot holing, and percentage of de¬ 
foliation were taken at intervals during the growing season, the final ratings 
being made in September. At this time maximum injury from arsenic toxicity 
had developed, and the effectiveness of treatments could be best evaluated. 
Leaf samples for chemical analysis, collected in September, were washed in 

4 per cent sodium hydroxide in 70 per cent alcohol and thoroughly rinsed in tap 
water to remove surface arsenic. After surface moisture had evaporated at room 
temperature, the leaves were dried in an oven at 60° C. and ground in a clean 
porcelain mortar. The nitrogen content of the leaves was determined by the 
Lindner method (5). Arsenic analyses of leaf and soil samples were made by 
the method of Williams and Whetstone (10), except that the chloride distillation 
of the A.O.A.C. method (1) was substituted for the bromide distillation. The 
‘‘soluble” arsenic fraction in soils was obtained by extracting 1 part of soil with 

5 parts of 0.1 iV NaCl. 


RESULTS 

To establish an accurate and convenient method of evaluating the effectiveness 
of treatments, a comparison was made between the two most outstanding visible 
symptoms of injury; namely, leaf shot holing and defoliation of the 
tree. The relationship between shot holing and defoliation on arsenic-injured 
peach trees is illustrated by the regression line in figure 2, based on the ratings 
of 134 trees made in September 1947. The regression coeflBcient for shot holing 
on defoliation in this group of trees was -f-1.16 with a “i” value of about six 
times that necessary for significance at the 1 per cent point. The best time for 
scoring arsenic injury on peach trees is in September. By this time many of the 
shot-holed leaves have already abscissed. The defoliation percentage, therefore, 
was regarded as a more accurate and positive measure of treatments. 

The effect of medium and high nitrogen and high zinc treatments in four 
different orchards is shown in table 1. It is apparent that high nitrogen was 
generally more effective in reducing defoliation than was the medium nitrogen 
level. When zinc was added to the treatment, defoliation was further reduced. 
Zinc was effective with medium nitrogen in correcting defoliation in three of 
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the four orchards, but the combination of zinc with high nitrogen provided the 
best results as measured by defoliation. Thus, during the first and second years 
following treatments in all four orchards, trees that received zinc plus high nitro¬ 
gen were significantly lower in defoliation than were the check trees (those 
that received the medium nitrogen treatment only). A typical tree that received 
the zinc plus high nitrogen is shown in figure 3, together with a typical check 
(medium nitrogen) tree. In 1948, the second season after treatment, defoliation 
was generally not so severe as in 1947 in any treatment, including the checks. 
The trees in the Robertson orchard are an exception; this is possibly because 
no winter nitrogen was applied in this orchard during the winter of 1947-48, 
and, therefore, the nitrogen levels for 1948 were in reality low nitrogen and med- 



FlO. 2. DlSTBIBXTTlON ChABT AND ESGBBSSION LiNB FOB PebCSNTAGB OF ShOT HoLING 
ON Injdbbd Pbaoh Leaves Based on tee Pebcentage of Defoliation of the Tree 
H egression coefficient « +1.16; s 15,9 with 132 degrees of freedom 

ium nitrogen instead of medium and high nitrogen. With this lower nitrogen 
level prevailing in 1948, the check trees reverted to their fonner defoliation 
status. All other treated trees in this orchard also showed more defoliation than 
they did the first year after treatment. The difference required for significance 
indicates, however, that in 1948 the trees treated with zinc plus high nitrogen 
were still significantly lower in defoliation than the check trees in each of the 
four orchards. 

Althou^ there are some exceptions, treatments that provided the best 
correction of defoliation resulted generally in a lower accumulation of arsenic 
in the leaves. No measure was made of the increase in the number and size 
of leaves on trees receiving the applications of zinc plus nitrogen, yet observa¬ 
tions indicated that the increase was not sufficient to account for the lower 
arsenic content of the leaves by mere ‘^dilution” of a given amount of arsenic 
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absorbed. The zinc plus nitrogen treatment resulted in a lower arsenic content 
of foliage in three of the four experimental orchards. Since arsenic content of 

TABLE 1 

Effect of soil applications of zinc and nitrogen on peach trees growing in arsenic-toxic soil 



DEFOLIATION 

LEAF ANALYSES, 
SEPTEMBER 1947 

SOIL ARSENIC, 
NOVEMBER 1947 
(>-12-inch depth 

SOIL pH, 
0-12-inch depth 

SOIL TREATMENT* 

Sept. 

1946t 

Sept. 

1947 

Sept. 

1948 

^ 1 

Arse¬ 

nic- 

Shot 

hole 

leaves 

Nitro¬ 

gen- 

Normal 

leaves 

I 

1 Total 

j 

Soluble 

Nov. 

1946t 

Nov. 

1947 


Johnson orchard 


Medium nitrogen. 

per cent 

73 

per cent 

64 

per ceni^ 

16 i 

ppm. 

2.75 

per centt 

3.20 

ppm. 

145 

ppm. 

1.82 

5.4 

6.0 

High nitrogen. 

72 

28 

15 

2.64 

3.77 

j 

— 

5.4 

5.3 

Zinc + medium nitrogen_ 

72 

26 

5 

— 

— 

1 

1 

5.3 

5.4 

Zinc + high nitrogen. 

71 

8 

5 

2.05 

3.63 

133 

1.77: 

5.4 

5.4 


Peters orchard 


Medium nitrogen. 

79 

26 

8 

2.26 

2.73 

82 

0.93 

6.6 

6.2 

High nitrogen. 

SO j 

22 

3 

2.46 

3.22 

■— 


6.6 

5.6 

Zinc 4- medium nitrogen_ 

75 

5 

0 

2.00 

2.54 


i 

6.6 

5.9 

Zinc + high nitrogen. 

81 

0 

0 

i 

1.91 

2.89 

71 

0.95 1 

6.7 

5.3 


Robertson orchard 


Medium nitrogen. 

73 

45 

i 

73 

2.75 

3.40 

54 

1.50 

8.3 

8.3 

High nitrogen. 

73 

17 

28 

1.90 

3.46 

— 

— 

8.3 

7.9 

Zinc + medium nitrogen.... 

73 

8 

56 

— 

— 

— 

— 

— 

— 

Zinc + high nitrogen. 

73 

4 

9 

1.85 

3.56 

49 

1.39 

8.3 

7.S 


Nelson orchard 


Medium nitrogen. 

68 

17 

25 

1.19 

2.53 

36 

0.92 

8.1 

8.1 

High nitrogen. 

72 

18 

14 

1.47 

1 2.38 

— 

— 

8.1 

S.O 

Zinc + medium nitrogen ., . 

72 

21 

22 

— 

1 — 

1 — 

— 

— 

— 

Zinc + high nitrogen. 

66 

2 

3 

1.22 

2.80 

30 

0.51 

8.1 

7.4 

Difference required at 5 per 
cent point 

— 

8.7 

6.2 

i 

0.40 

0.13 

9.0 

0.18 

— 

— 


* Zinc applied in winter of 1946-1947. Nitrogen applied annually. Medium nitrogen— 
0.7 pound per tree per year; high nitrogen—1.4 pound per tree per year; zinc—10 pounds 
zinc sulfate (25.5 per cent Zn) per tree, 
t Prior to treatment. 
t Dry-weight basis. 

peach leaves has been corifelated with injury (4), the association between leaf 
arsenic and defoliation in the present data is of interest. The regression of 
leaf arsenic on defoliation, based on the trees involved in table 1 for which 
arsenic analyses were made, is shown in figure 4. The “i” value of 9.6, which is 
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about four times that necessary for significance at the 1 per cent point, indicates 
that the regression coefficient of +.046 is highly significant. The means for the 



Fig. 3. Typical Trees prom Arsenic-Toxicity Experiments, Photographed Septem¬ 
ber 1947 

Left, tree that received the zinc plus high nitrogen; right, medium nitrogen only (check 
treatment). 



O 12 3 4 5 

LEAF ARSENIC (PARTS PER MILLION) 

Fig. 4. Distribution Chart and Regression Line for Arsenic Content of Peach 
Leaves Based on the Percentage of Defoliation of the Tree 


Regression coefficient « -f-.046; = 9.6 with 72 degrees of freedom. A — mean of 

trees that received medium nitrogen only; B = mean of trees that received high nitrogen 
only; and C = mean of trees that received zinc plus high nitrogen. 


two nitrogen treatments and for the zinc plus high nitrogen treatment, reported 
in table 1, are plotted in figure 4. The positions of these means clearly indicate 
that when zinc was included in the treatment, the arsenic content of the 
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leaves was lowered, although it was higher than would be expected from the 
regression line of all trees at a defoliation of 5 per cent (the mean defoliation of 
trees in the zinc plus high nitrogen treatment). This relationship suggests the 
possibility that the zinc plus nitrogen treatment, in addition to reducing arsenic 
absorption, increases the tolerance of the tree to withstand a higher level of ar¬ 
senic in the leaves. Nitrogen determinations on normal leaves (table 1) indicated, 
as would be expected, that the high nitrogen treatments resulted generally in 
higher levels of nitrogen in the foliage than the medium nitrogen or check- 
treatment. 

Analyses of soil samples from the zinc plus high nitrogen treatment and the 
check, or medium nitrogen, treatment revealed that the total arsenic was re¬ 
duced in the former treatment in all four orchards; but the reduction was signi¬ 
ficant only in the two orchards that had an initial pH on the acid side of neu¬ 
trality. The reduction in orchards with soils of higher pH was consistent, but 
in neither case is the difference significant. ^^Soluble’’ arsenic was significantly 
reduced only in the Nelson orchard by the zinc plus high nitrogen treatment. 
In the Johnson and Robertson orchards this treatment resulted in slight re¬ 
ductions in soluble arsenic, but in the Peters orchard no change took place. 
The soil pH was not consistently affected by the medium nitrogen treatment 
but was generally somewhat reduced by the high nitrogen level. The addition 
of zinc to the high nitrogen treatment did not materially or consistently lower 
the pH as compared with high nitrogen alone. 

Numerous other treatments were used in addition to those reported in table 
1. As measured by percentage of shot holing and percentage of defoliation, 
the combination of medium zinc (6 poimds per tree) with high nitrogen was, 
in four comparisons made, about as effective in reducing injury as was the 
combination of high zinc (10 pounds per tree) with high nitrogen. The medium 
zinc plus medium nitrogen treatment proved intermediate in effectiveness 
between medium nitrogen (check) and either medium or high zinc plus high 
nitrogen. Zinc sulfate alone, used at the rate of 10 pounds per gree with no 
nitrogen added, reduced defoliation somewhat but was less effective than when 
combined with nitrogen. The effectiveness of ferrous sulfate (10 poimds per 
tree) was compared with zinc sulfate (10 pounds per tree) at both medium and 
high nitrogen levels on both acid and alkaline soils (table 2). As was found in 
preliminary work, ferrous sulfate was effective in correcting arsenic injury, 
but in less degree than zinc sulfate. A treatment consisting of 10 pounds of sulfur 
combined with the high nitrogen level was found to be no more effective than 
the high nitrogen alone on soil with a pH of 6.6; but slight reductions in arsenic 
injury were recorded in the three orchards where this treatment was used on 
alkaline soils. In two orchards (pH 8.1, 8.2) the combination of 10 pounds of 
sulfur plus 10 poimds of zinc sulfate with a high nitrogen level was slightly 
more effective in correcting injury than was the zinc plus high nitrogen treat¬ 
ment. A dormant spray of zinc sulfate and summer sprays of nitrogen (5 poimds 
of urea per 100 gallons of water), the latter being applied three times at intervals 
of 30 days, failed to influence arsenic injury. Analyses of leaf samples taken 
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after the summer spray applications, however, indicated that very little nitrogen 
was absorbed by the foliage. Possibly, zinc absorption from the dormant appli¬ 
cation also was insufficient for effect. The injection of zinc in gelatin capsules 
into the trunks of trees which were maintained at a high nitrogen level resulted 
in intermediate correction of arsenic injury in comparison with that on check 
trees and trees receiving the zinc plus high nitrogen soil treatment. It is not known 
whether the zinc in this instance was functional in neutralizing certain “soluble” 
fractions of absorbed arsenic or whether it increased the tolerance of the tree 
for arsenic in some other manner. 


TABLE 2 

Comparison of soil applications of farous sulfate and sine sulfate in correcting defoliation of 
peach trees growing in arsenie-toxie soil 


son. TS£ATICENT* 


DX7O1IAIX0N 

Septl946t I Sept. 1947 | Sept. 1948 


Peters or char dy •pH 6S 


] 

Ferrous sulfate -4- medium nitrogen. 

per cent 

81 

percent 

28 

per cent 

1 

Ferrous sulfate •+• high nitrogen... 

82 

20 

1 

Zinc sulfate + medium nitrogen. 

75 


0 

Zinc sulfate -1- high nitrogen. 

81 


0 

Medium nitrogen (check). 

79 


8 


Nelson orchard, pH S.l 

Ferrous sulfate + medium nitrogen. 

73 

16 

22 

Ferrous sulfate + high nitrogen. 

76 

9 

10 

Zinc sulfate + medium nitrogen. 

72 

21 

22 

Zinc sulfate -I- high nitrogen. 

66 

2 

3 

Medium nitrogen (check). 

68 

17 

25 



* Ferrous sulfate and zinc sulfate (25.5 per cent Zn) applied in winter of 1946-1947, each 
at the rate of 10 pounds per tree. Nitrogen applied annually. Medium nitrogen—0.7 pound 
per tree per year; high nitrogen—1.4 pounds per tree per year, 
t Prior to treatment. 


niSCJXTSSION 

It mi^t be expected that soil treatments that were effective in correcting 
arsenic injury on peach trees would appreciably reduce the concentration of 
“soluble’’ arsenic in the soil, since “soluble” arsenic has been correlated with 
the effects on barley and alfalfa grown in arsenic-toxic soil (9) The reduction 
in “soluble” arsenic by the zinc plus high nitrogen treatment was significant, 
however, in only one of the four orchards (table 1). It should be pointed out that 
“soluble” arsenic is not necessarily a measure of (wailable arsenic. Further, the 
potential toxicity of “soluble” arsenic would depend on the ratio of arsenite 
arsenic to arsenate arsenic in the soluble fraction, since the former is many 
times more toxic than the latter (3). It would seem, then, that the ultimate 
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measure of treatments would be either their effect on arsenic absorption by the 
tree or their effect on the tolerance of the tree for arsenic, or both. In the present 
work, it has been shown that less arsenic was absorbed by trees treated with 
zinc plus high nitrogen in three out of four cases, even though the reductions 
in soluble arsenic in the soil by this treatment were not significant. The out¬ 
standing correction of foliar symptoms by this treatment, and the significant 
relationship between defoliation and arsenic content of the leaves have already 
been pointed out. 

The correction of arsenical injury by the zinc plus high nitrogen treatment 
cannot be explained satisfactorily as due to lowering of the pH of the soil. As 
previously pointed out, soil pH resulting from this treatment was not materially 
different from that when high nitrogen was used alone. The lower pH resulting 
from addition of sulfur to the zinc plus high nitrogen treatment on alkaline soils 
may possibly explain why results were slightly better than when sulfur was 
omitted. 

The duration of effect of the zinc sulfate treatment is of considerable interest 
commercially. Experimental evidence to date indicates that one application 
of zinc sulfate, together with continued high nitrogen, is sufficient to correct 
arsenic injury in a large measure and sustain recovery. In one orchard a repeat 
application of 10 pounds of zinc sulfate per tree, made 2 years after the initial 
zinc treatment, was found to produce only slight reduction in shot holing 
and defoliation in comparison with zinc-treated trees that did not receive the 
second application of zinc. Another group of trees, which were treated with zinc 
sulfate in 1945 and were maintained at a high nitrgen level for four seasons 
without additional zinc, showed no defoliation and an average of only 2 per 
cent shot holing in September 1948, or at the end of the fourth season after 
the zinc treatment. At this time the check trees averaged 16 per cent defoliation 
and 60 per cent shot holing. The check trees have shown a gradual but definite 
decline in shot holing and defoliation over these 4 years, which indicates that 
they may be recovering from the disorder. If this is the case, it is reasonable 
to expect that the single zinc treatment of these trees, which are now 7 years 
old, will be sufficient to sustain the trees permanently. 

It should be emphasized that the trees involved in these investigations were 
3 to 6 years old at the time of initial experimental treatment. Work is now being 
carried on to study the treatment of newly planted peach trees in arsenic-toxic 
soil. 

SUMMARY 

Investigations were conducted through 4 years to determine the effectiveness 
of various soil treatments in reducing arsenic toxicity to peach trees growing 
in old apple land. Under the conditions of these experiments the following 
conclusions are indicated: 

Doubling the application of nitrogen ordinarily used on peach trees generally 
reduced the injury suffered from arsenic toxicity. When an application of zinc 
sulfate was combined with high nitrogen fertilization, however, almost complete 
correction was obtained in most instances. 
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In addition to reducing the amount of arsenic absorbed, the zinc plus high 
nitrogen treatment seemed to increase the tolerance of the tree so as to withstand 
a hi^er level of arsenic in the leaves. 

Although ferrous sulfate was effective in correcting arsenic injury, it was not 
so effective as zinc sulfate. 

Addition of sulfur to either the high nitorgen or the zinc plus high nitrogen 
treatment on alkaline soils slightly increased the effectiveness of the treatment. 
No difference was recorded when sulfur was added to these treatments on acid 
soils. 

Evidence obtained thus far indicates that one application of zinc sulfate 
together with continued high nitrogen fertilization is suflSicient to correct arsenic 
injury in large measure and sustain recovery of the tree. 
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Interest in the application of pliant analysis as a means of evaluating the 
nutrient status of sugar beets has increased considerably since the investigations 
pioneered by Gardner and Robertson (3) at Colorado, in 1935. Since then the 
results of several studies on technique have been reported by Ulrich (10, 11, 12, 
13, 14) and by Brown (2). The early work of these laboratories centered upon 
the selection of the form of nutrient to be assayed and upon the plant part 
sampled. Preliminary results obtained here on dried plant material favored 
nitrate nitrogen (11) and phosphate phosphorus (12, 14) for analysis and the 
petiole from a recently ‘'matured’’ leaf as the plant material sampled (11). 
Using fresh material for analysis. Brown (2) concurred with these recommenda¬ 
tions, except that he suggested many more petioles be taken per sample than 
were used in our field investigations. 

The technique of evaluating the nutrient status of sugar beets through chemi¬ 
cal analysis of leaf petioles has had a number of interesting applications. One 
of these has been to locate areas that are likely to respond to fertilizers con¬ 
taining nitrogen, phosphorus, or potassium (12). Another use has been to observe 
the effects of fertilizers applied to beets in experimental plots (5,14), particularly 
to determine whether the fertilizer applied had been absorbed by the beets and 
to make sure that the amoimts added to the soil had been sufiEcient for satis¬ 
factory growth throughout the season. Still another use of plant analysis, sug¬ 
gested recently, is to serve as an aid to the maintenance of soil fertility through 
efficient fertilization and correct cultural practices. Through the systematic 
sampling of each crop grown on a field, the impending nutrient deficiencies can 
be anticipated and coxmteracted before a serious loss in yield and quality of 
crop has taken place (13). 

In the use of plant analysis as a guide to fertilization of sugar beets, the 

1 It is a pleasure to acknowledge the assistance received from many sources during the 
course of these experiments. Specifically, in the field experiments the California Packing 
Corporation provided the land and facilities for the cultural operations, collected the 
petiole samples, and obtained the final harvest yields; the International Minerals and 
Chemical Corporation furnished the fertilizers for these experiments, supported financially 
the chemical analysis of the petioles for nitrate nitrogen; and the research laboratory of 
this company at Woodland, California, supplied the data for the yields and sugar concen> 
trations of the beets of the preharvest samples; and the Spreckels Sugar Company analyzed 
the beets of the pot experiment for sucrose content. 

* Associate plant physiologist. Division of Plant Nutrition, University of California, 
Berkeley 4, California. 
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values found in a given plant part at a particular time in the field must be 
compared to a definite reference point, such as the critical nutrient level. Once 
these critical levels with their limits of variation have been established for each 
nutrient and for each crop, a nutritional inventory taken periodically of every 
crop grown on a field will aid in selecting the fertilizer program to be followed 
each year. At first it may be necessary to make emergency applications of ferti¬ 
lizers during the current growing season; but as more experience is gained, the 
orderly use of fertilizers would be the rule rather than the exception. It is with 
these objectives in view that further studies concerning the critical nutrient 
level have been made with beets cultured at different levels of nitrogen nutrition 
in pots of soil and in the field. This paper includes a study of the critical nitrogen 
levels that have been estimated for beets from nitrate analyses made upon blades 
and petioles taken from old outer leaves, from recently “matured” leaves, and 
from immature center leaves of plants grown in pots of soil and from recently 
“matured” petioles of plants grown in the field. 

As the nutrient concentration of a plant or a plant part decreases, the critical 
concentration is that narrow range of concentrations at which growth is first 
retarded in comparison to plants with a higher nutrient concentration. Plants 
with nutrient concentrations above the critical value are well supplied with the 
nutrient at the time of sampling, while plants below the critical concentration 
are deficient in the nutrient. From this it follows that the longer in the growing 
season the deficiency lasts and the earlier in the growth cycle it occurs, the 
greater is the opportunity for increasing yields, unless other deficiencies develop 
immediately after correction of the first deficiency. When two or more defi¬ 
ciencies occur at the same time, all must be corrected simultaneously before 
major increases in yield take place. Predictions as to the adequacy or inadequacy 
of a nutrient for a crop in a given locality must be based upon evidence gained 
from more than a comparison of the results of a single sampling with the critical 
value. Only through much research can this be done effectively. 

EXPERIMENTAL PROCEDURE 

A uniform lot of Metz silty clay loam representing the 0-12-inch layer was 
taken from the vicinity of King City, California, and was placed in pots so that 
each contained 18 kgm, of air-dry soil. 

The pots were 6-gallon galvanized-iron buckets coated on the inside with 
asphaltum varnish. Drainage was provided by a 3-inch hole in the bottom 
that was covered with an inverted china saucer. Prior to each irrigation, excess 
water cau^t in the pan below each pot was returned to the surface of the soil 
to minimize losses of nitrogen from the soil. 

On August 19, 1948, before any water was added to the soil, a J-mch layer of 
air-dry soil was removed from each pot. After thorough watering of the pot, 
the seed was placed upon the moist soil surface, and the dry soil was replaced. 
Thereafter, no water was added until the seedlings had emerged through this 
J-inch surface layer of soil. In planting, the seeds were distributed in the center 
of each quadrant of the soil surface of the pot to ensure the presence of four 
plants per pot at the time of fertilization. 
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U. S. No. 15, whole seed, treated with Spergon, was used. As the beets grew 
in size, their number was gradually reduced until, on September 17, each pot 
had four plants in the fourth to sixth leaf stage. 

On September 17, immediately after the beets were thinned, molar calcium 
nitrate solution was added with 1.5 liters of tap water so that each pot in the 
eight treatments received one of the following amounts of nitrogen: treatment 1, 
none; treatment 2, 0.25; treatment 3, 0.50; treatment 4, 1.00;-treatments 5 
through 8, 2.00 gm. On October 12, 2 gm. of nitrogen was added as before to 
each pot in treatments 6 through 8; and on October 18, 2 and 4 gm. to treat¬ 
ments 7 and 8, respectively. All treatments were replicated five times and were 
arranged outdoors at random within each of five blocks as required by the ran¬ 
domized block technique (9). Tap water, very low in salts, was added as required 
by the plants. 

The beets were harvested from each of the 40 pots on November 5, just fol¬ 
lowing a period of several days of clear and sunny weather. The plants were 
topped by cutting across the crown at the first leaf scar. The total weight of the 
tops included the crown and all the fresh and dry leaves produced by the four 
plants of each pot. The enlarged beet roots were washed and then dried with a 
cloth before they were weighed and assayed for sugar. The turgid leaves of the 
tops of the four beets per pot were separated according to development; namely, 
old outer leaves, recently ‘‘matured” leaves, and immature leaves in the center 
of the plant. Each category of leaves was separated into blades and petioles. 
The nonturgid leaves and crown were classified as residual plant material. All 
plant material from the tops was weighed fresh and then dried in a ventilated 
oven at 70 to 80° C. The total diy material produced by the tops of the four 
beets in each pot was obtained by summing the dry weights of all classified 
plant material, including the residue. 

The dried plant material was ground in a Wiley mill to pass a 40-mesh sieve. 
Water extracts of this material were treated witii hydrogen peroxide and then 
assayed for nitrate nitrogen by use of phenoldisuKonic acid reagent (13). Within 
24 hours of harvest, the sucrose concentrations of the beets from each pot were 
determined on the fresh material by standard polarimetric procedures at the 
Spreckels Sugar Refinery at Woodland. 

All experimental results were evaluated statistically by the method of analysis 
of variance (9). Since the growth of beets was exceptionally poor for 1.0 iV treat¬ 
ment in two of the pots, designated as A and B in the graphs, these values were 
not included in the statistical calculations. The F-values recorded in table 1 
were calculated by using the procedure for an xmequal number of samples per 
treatment and combining the variation due to blocks with the error teim. The 
block variation in the pot experiments was not significant. 

Field experiments 

The field experiments were made on the Pockman ranch several miles north 
of Woodland, California, on a soil originally mapped in 1909 as Yolo clay loam. 
The soil contains calcium carbonate in the subsoil and, for this reason, is now 
classified as Sorrento clay loam. 
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Grain was planted on this field until 1946. In that year, it was first irrigated 
and planted to tomatoes, which produced 18 tons of fruit per acre. This crop 
received the first fertilizer used on the field; namely, 60 pounds of nitrogen from 
anhydrous ammonia and 300 pounds of 16-20-0 per acre. 

The experimental field was planted to sugar beets of the U. S. No. 33 variety 
on March 24,1947. The beets were thinned to a stand of approximately 90 plants 
per 100 feet of row on April 30. Each plot was 12 rows wide (20 inches between 
rows) and 598 feet long, comprising an area of 0.2746 acre per plot or nearly 10 
acres for the 36 plots of the experiment. 

Each of the six fertilizer treatments was assigned only once, at random, to 
each of the six plots of a block; and this randomization was repeated for each of 
the six blocks of the experiment. The fertilizers for each treatment (see table 2) 
were applied on May 7 and 8 as a sidedressing, 6 inches to one side of the plants 
and 6 inches below the soil surface. 

The first water after fertilization was applied to the furrows in the soil the 
last of May. Thereafter the beets were irrigated periodically, and at no time 
were they observed to wilt. 

The petiole samples were collected by walking 30 feet into the plot, taking 
four petioles (blades discarded) from the center four rows at this location, then 
walking 60 more feet into the plot and taking 4 more petioles, then 60 more 
feet, etc., until a total of 40 petioles had been collected at 10 separate stations 
within each plot. The leaf selected for the petiole sample was recently “matured” 
(13, 14) and was taken on each sampling date from a different competitive 
beet; that is, one surroimded by other beets at correct distances. 

The preharvest beet weights and sugar determinations were estimated from 
the same plants as those used for the leaf samples. The final beet yields, how¬ 
ever, were obtained by weighing the beets from each plot in trucks after they 
were hand-topped. Chemical methods were the same as those employed in the 
pot experiments. 

The results for the field experiment were analyzed by the method of analysis 
of variance (9) as applied to plots randomized within blocks. The missing plot 
technique was employed to replace the values obtained for an untreated plot of 
high nitrogen nutrition and of high yield which occupied the space held by an 
open irrigation ditch during 1946. This calculated value was used whenever 
required in the computations of the analysis of variance and is included in the 
averages for the untreated plots given in tables 2 to 4 and figure 4. 

EXPERIMENTAL RESULTS 

Pot experiments 

The average yields of roots and tops, sugar percentages, sugar produced, and 
nitrate values for the sugar beets of each treatment and their statistical evalua¬ 
tion are recorded in table 1. Although there is considerable variation in the 
individual values of a given treatment, as shown by the coeflScient of variability, 
the trends are clearly indicated. The weights of the tops and roots increased 
considerably with each addition of nitrogen up to 1 or 2 gm. per pot; thereafter, 
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no large changes in weight were observed. The nitrate concentrations of the 
petioles and blades, in contrast to the weights, failed to increase greatly until 
the soil received 1 or 2 gm. of nitrogen per pot. This relationship of nitrate in 
leaves to beet weight is clearly illustrated for ‘‘mature” petioles in figure 1. 

TABLE 1 


Nitrate nitrogen of petioles and blades; sugar concentration of beets; weight of beets, tops, and 
sugar as related to nitrogen fertilization for the pot experiment* 


ZnZROOEN ADDED 


NIISATE MITSOGEKt 


H § 

817GAS 

TOPSt 

OPH 

MPt 

mf 

OB^ 

MBIT 

m 




Flesh 

Dry 

gm. 

ppm- 

ppm. 

ppm. 

ppm. 

ppm. 

ppm. 


% 

gm. 

gm. 

gm. 

0.0 








13.5§ 

6.1t 

76 

12.5 

0.25 


220 




140 

38 

13.4 

5.2 

116 

17.0 

0.50 


450 


70 


mm 

55 

13.2 

7.3 

166 

24.3 

l.OOII 







85 

13.2 

11.2 

261 

34.6 

2.00 




4,200 

4,470 

2,830 

71 

iCtlCT 

7.2 

396 

43.7 

4.00 




6,100 

8,100 

5,500 

Rjli] 

9.5 

8.6 

472 

51.7 

6.00 




7,200 

9,600 

7,500 

87 

9.0 

7.9 

414 


8.00 




8,600 

10,500 

7,500 

67 

9.3 

6.2 

399 

45.7 

L.S.D.**. 

3,000 

3,470 

2,700 

1,500 

1,380 

1,320 

17 


2.2 

42 


F-valuett. 

Coefficient of varia¬ 

214.6 

121.5 

63.3 

47.0 

89.7 

51.9 

12.6 

68.8 

5.6 

110.3 


bility. 

14.6 

19.4 

28.4 

33.3 

24.4 

32.5 

19.8 

4.9 

23.6 

11.2 

11.3 

General mean. 

16,000 

13,880 

7,300 

3,500 

4,380 

3,130 

65. 

11.3 

7.1 

289. 

34.1 


* Nitrogen was added to the soil as calcium nitrate. All treatments were replicated five 
times 

t Dry basis. 

t Weight per pot. 

§ Fresh basis. 

U OP = old petiole; MP = ^‘mature’* petiole; IP = immature petiole. OB *» old blade; 
MB = “mature” blade; IB =* immature blade. 

II Average of three replications. 

** L.S.D.—Least significant difference at the 5 per cent level. It should be noted that 
the luSJD.’s as given are too small for comparison of the high mean values and too large 
for the low mean values. For example, the results for treatments 2.00, 4.00, 6.00, and 8.00, 
when analyzed as a group, do not differ significantly from one another for the dry weights 
of tops and fresh weights of beets. Conversely, the L.S.D.'s as given are too high for meas¬ 
uring the differences for the low mean values for treatments 0.0 through 1.00, which, upon 
separate analysis, indicate that each increase in the the dry or fresh weight of the tops is 
statistically significant. 

tt The F-values required at the 5 per cent and 1 per cent levels are 2.34 and 3.30, re¬ 
spectively. 

Here the weights increased gradually as more nitrogen was applied to the soil, 
while the nitrate concentrations of the petioles remained relatively low at a 
constant level. Then as more nitrogen was applied to the soil, the nitrate con¬ 
centrations of the petioles and the beet weights increased simultaneously. As 
still more nitrogen was applied, the beet weights failed to increase greatly, even 
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though there were tremeudous increases in the nitrate concentration of the 
petioles. This same general relationship of nitrate concentrations to beet wei^ts 
prevailed for the petioles or blades, whether old, mature, or immature leaves 
were selected for analysis. From the F-values (table 1), which are a combined 
measurement of the magnitude of the differences between treatments and the 
error within a treatment, the old petioles appear preferable for analysis to the 
recently “matured” petioles; and the latter appear better than the other plant 
parts in this series. Nevertheless, from practical considerations, such as ease of 
sampling and range of nitrate in the sample, the petiole of a recently “matured” 



Fig. 1. Best Boot Weight (Fresh Basis) as Related to Nitrate Nitrogen Concen¬ 
tration (Dbt Basis) of Petioles of Recently “Matured” Leaves 
Ni ~ 1.0 gm. of nitrogen derived from calcium nitrate added in solution to each pot and 
is equivalent to 100 pounds of nitrogen per acre; all other symbols refer to fractions or 
multiples thereof. The solid line is a free hand curve drawn to fit the points as obtained. 
Points A and B are from plants that had been damaged by the larvae of moths. 

leaf has been found more desirable for analyms than any other part of the plant 
studied thus far. 

From a study of the curves derived by plotting nitrate nitrogen values against 
beet wd^ts, an approximate critical nitrogen value can be sdected. The beet 
weights b^in to decrease when this value is approximately 2,000 ppm. for re¬ 
cently “matured” petioles (fig. 1), 4,000 ppm. for old petioles (not tiiown) and 
1,500 ppm. for immature petioles (not tiiown), whereas the value is about 1,000 
ppm. for an iges of blades (fig. 2, mature blades only). Obviously, from the 
present data no sharp line of demarcation can be establitiied to distinguidi 
between an adequacy and an inadequacy of nitrate nitrogen of beets; but in 
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spite of this gradual transition, a separation of deficient and nondeficient plants 
can be effected. Figure 1 shows that those plants with petioles having less than 
1,000 ppm. of nitrate nitrogen gave weights distinctly less than those with more 
than 3,000 ppm. At the higher concentrations the beets failed to increase sig¬ 
nificantly in weight. The points A and B in figures 1 and 2 illustrate the general 
rule that when beet weights are low and the nitrate values are high, the de¬ 
creases in growth that occur are most likely associated with causes other than 
a nitrogen deficiency, which for this experiment may have been due to the pres¬ 
ence of cutworms which damaged a few of the plants during the course of the 
experiment. 



Fig. 2. Beet Root Weight (Fresh Basis) as Related to the Nitrate Nitrogen Con¬ 
centration (Dry Basis) op Blades op Recently ‘Matured’* Leaves 
The symbols used in the graph are defined.in figure 1. 

The sucrose concentrations of the beets (table 1) are in accord with earlier 
observations in which sugar concentrations decreased as the nitrogen concentra¬ 
tions of the petioles (6, 11) or of the beet roots (4, 6, 8) increased. This general 
relationship is clearly shown in figure 3, in which sugar concentrations are plotted 
against nitrate concentrations of recently “matured” petioles. Beet plants that 
are low in nitrate content and are growing slowly accumulate sucrose in the 
roots imtil an average concentration of 13.5 per cent is attained for the un¬ 
treated beet plants (table 1). When the plants are high in nitrate content and 
are growing rapidly, thus implying a rapid use of sugar for growth, the sucrose 
concentration of the beets tends to decrease until the average value is only 9.0 
per cent for the beets receiving 6.0 gm. of nitrogen per pot. The beets of pots 
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A and B have intermediate nitrate and sugar concentrations, and in contrast 
to their nitrate yield relationship, these points lie on the curve as drawn in 
figure 3. 



Fig. 3. Relationship op Sucbosb Concenteations op Beet Roots (Fresh Basis) to 
Nitrate Nitrogen Concentration (Dry Basis) op Petioles op Recently 
“Matured” Leaves, as Observed in the Pot Experiment 

Here points A and B fall on the curve. The symbols used in the graph are defined in 
figure 1. 


Field experiments 

The results of the field experiments, including a statistical evaluation of the 
data, are presented in tables 2 to 4 and in figures 4 to 10. The nitrate values of 
recently ^‘matured” petioles (tables 2), just as in the pot experiments, were in 
accord with the amounts of nitrogen applied to the soil. The lowest nitrate 
values were associated with the untreated plots, whereas the highest values were 
found with the highest additions of nitrogen. Experimentally, the effects of the 
treatments upon the nitrate concentration of the petioles were greatest early 
in the season (fig. 4). The magnitude of these effects in relation to over-all 
experimental error is refiected in the F-values recorded in table 2. The highest 
F-value of 63.9 occurred at the first sampling on June 10, and the lowest, 3.02, 
on September 23. In all cases these values were above 2.62, the 5 per cent level 
of significance; and in many instances they were greater than the 1 per cent 
level of 3.90. 

The effects of nitrogen on the growth and sugar concentration of beets prior 
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to the regular field harvest are summarized in tables 3 and 4. On June 24, 1947, 
the beet weights had not been affected significantly by the nitrogen fertilization 
(table 3), even though the nitrogen additions had increased greatly the nitrate 
concentrations of the petioles (table 2) and had significantly decreased the sugar 
concentration of the beets (table 4), From June 24 to July 30, the beet weights 
increased for all treatments but the increases for the beets fertilized with nitrogen 
were significantly greater than those that were untreated. A similar increase in 
the weights occurred from July 30 to August 28, but from the latter date to 
November 5, the weights remained constant (table 3). The sugar concentration 
of the beets increased for all treatments as the season progressed. Beets that 

TABLE 2 


Nitrate nitrogen of petioles of recently ^‘matured** leaves of sugar beets from the Pockman 
plots as influenced by nitrogen fertilization and time of sampling* 


XSSATlCBNTSt 

JUNE 10 

JTJME 24 

JULY 16 

JULY 30 

AUG. 12 

AUG. 28 

SEPT. 9 

8EPT. 23 

OCT. 7 

NOV. 5 


ppm. 


ppm. 

ppm. 

ppm. 

ppm. 

ppm. 

ppm. 

ppm. 

ppm. 

Untreated 

5,470 

1,130 

43 

116 

128 

52 

62 

232 

61 

47 

40N 

10,700 

3,620 

1,100 

452 

358 

33 

62 

185 

78 

67 

SON 

15,500 

9,600 

2,180 

750 

600 

232 

97 

127 


74 

160N 

19,500 

13,700 

5,600 

4,670 

2,410 



760 


143 

240N 

18,400 

15,000 

6,000 

5,100 

2,500 



550 

219 

131 

240N + P 

19,700 

14,700 

6,500 

5,200 

3,530 




286 

171 

L.S.D.t. 

2,260 

2,430 

1,270 

1,340 

1,520 

820 


437 

192 

72 

P-value!. 

53.9 

51,6 

41.0 

29.5 

7.33 

8.79 

5.55 


4.25 



* Each nitrate nitrogen value represents an average of six plots consisting of 40 peti¬ 
oles per plot. The results are expressed on the dry basis. 

t N = pounds of nitrogen per acre derived from ammonium nitrate and applied as a 
sidedressing on May 8 and 9, 1947. P ■= 200 pounds per acre of P 2 O 6 derived from treble 
superphosphate applied at the same time. 

t L.S.D.—Least significant difference at the 5 per cent level. 

§ The P-values required at the 6 per cent and the 1 per cent levels are 2.62 and 3.90, 
respectively. 

were fertilized with more than 40 pounds of nitrogen per acre, however, were 
definitely lower in sugar concentration at all times (table 4), even though these 
beets had been deficient in nitrogen for some time prior to November 5 (table 2). 
The final yields of beets harvested from the entire plots are given in tons per 
acre in table 3 and are in general agreement with the yields obtained by pulling 
only 40 beets from each plot. 

The relationship of nitrate nitrogen of the petioles to the growth of beets again 
may be illustrated conveniently by plotting the beet weight of each plot against 
its corresponding nitrate nitrogen value (figs. 5 to 8). The results for June 24 
(fig. 5) show that even though there are tremendous differences in nitrate con¬ 
centration of the petioles, there are no significant differences in beet root weights 
for any of the plots up to the time of this sampling. It is to be noted too that, 
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even though a few of the nitrate values for the untreated beets had fallen below 
the critical nitrate nitrogen level and that the leaves of the untreated beets had 
just become a light green, insufficient time had elapsed to produce a sigmficant 
decrease in growth of the beet plants. At a later date the beets with the petioles 



Fig. 4. Nitrate Nitrogen Concentration (Dry Basis) op Petioles op Recently 
“Matured” Leaves op Beets Grown in the Pockman Field as Related to 
Nitrogen Fertilization and Date op Leap Sampling 
N » pounds of nitrogen per acre applied as ammonium nitrate. P = 200 pounds of P 2 O 6 
per acre applied as treble superphosphate. The fertilizer was applied as a sidedressing on 
May 8 and 9 and irrigated thereafter for the first time the last of May. The dates of irriga¬ 
tion subsequent thereto are indicated by arrows. 

containing less than 1,000 ppm. of nitrate nitrogen had lower weights than the 
corresponding beets with hi^er nitrate levels. 

The second set of beet and petiole samples were collected on July 30, 1947. 
The beet weights and nitrate values for this sampling are plotted in figure 6. 
The results clearly diow that the untreated beets, which were low in nitrate 
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TABLE 3 

Weights of beet roots from the Pochman 'plots as influenced by nitrogen fertilization and time 

of sampling* 


raEATlIENTSt 

jmos 24 

JULY 30 

AUG. 28 

NOV. 5 

NOV. 10 


lb. 

lb. 

lb. 

lb. 

ions 

Untreated 

0.66 

1.29 

1.90 

1.76 

13.87 

40N 

0.71 

1.60 

2.06 

2.02 

16.76 

SON 

0.78 

1.68 

2.37 

2.48 

17.47 

160N 

0.78 

1.92 

2.48 

2.78 

19.16 

240N 

0.77 

1.78 

2.46 

2.49 

20.63 

240N + P 

0.75 

1.80 

2.50 

2.76 

19.95 

L.S.D.t. 

N.S. 

0.25 

0.25 

0.34 

1.35 

J?-value§. 

2.22 

7.2 

8.4 

11.0 

31.8 


* Each value for the beet weights on June 24, July 30, August 28, and November 5 repre¬ 
sents an average per beet of six plots consisting of 40 beets per plot. On November 10,1947» 
the beets in each plot were topped by hand and weighed separately in trucks; each value 
again represents an average of six plots, in tons per acre. 

t See footnote table 2. 

t L.S.D.—^Least significant difference at the 5 per cent level. N.S. not significant. 

§ The ^-values required at the 5 per cent and 1 per cent levels are 2.62 and 3.90, respec¬ 
tively. 


TABLE 4 

Sucrose percentage of beets from the Pochman plots as influenced by nitrogen fertilizadon 

and time of sampling* 


TRKATinr.NTSt 

JUNE 24 

JULY 30 

AUG. 28 

NOV. 5 


per cent 

per cent 

per cent 

per cent 

Untreated 

12.00 


15.91 

15.97 

40N 

11.03 


16.16 

16.22 

SON 

10.10 


15.52 

15.38 

160N 

9.25 

12.15 


14.42 

240N 

9.50 

12.20 


14.47 

240N + P 

9.33 

12.25 

13.92 

14.80 

L.S.D.J. 

0.72 

0.54 

0.47 


F-values§. 

21.3 

69.5 

43.3 

■B 


* Sucrose percentages of the beet roots are expressed on the fresh basis. Each value 
represents an average of six i$lots. A single sucrose determination of a 40-beet sample was 
made for each plot, 
t See footnote table 2. 

t L.S.D.—Least significant difference at the 5 per cent level. 

§ The F-values required at the 6 per cent and 1 per cent levels are 2.62 and 3.90, respec¬ 
tively. 

nitrogen on June 24 but did not differ in wei^t (fig. 5), are now significantly 
lower in weight (table 3) and are still lower in nitrate concentration (table 2) 
than those treated with nitrogen. The beets treated with 40 pounds of nitrogen 
































302 


ALBERT ULRICH 



Njtrate Nitrogen 

Fig. 6. Relationship op Beet Weight to Nitbate Nitrogen Concentration (Drt 
Basis) op Petioles op Recently '^Matured** Leaves op Beets Collected prom 
the Pockman Plots on June 24, 1947 

On this date the beet weights do not differ significantly from one another, though there 
is a tremendous difference in the nitrate concentrations, thus suggesting that the nitrate 
values of the petioles may differ widely above the critical concentration (1,000 ppm. nitrate 
nitrogen) before affecting growth appreciably. The S 3 rmbols used in the graph are defined 
in figure 4. 



Nitrate Nitrogen 

Fig. 6. Relationship of Beet Root Weight to Nitrate Nitrogen Concentration 
(Dry Basis) op Petioles op Recently ‘‘Matured*’ Leaves prom the Pockman 

Plots por July 30, 1947 

Beets with petioles of less than 1,000 ppm. of nitrate nitrogen tend toward significantly 
lower beet weights, whereas those above this value are well supplied with nitrogen and do 
not differ significantly from one another in weight. The soHd fine is a free-hand curve drawn 
to fit the points as obtained; the symbols used are defined in figure 4. 
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gave significantly hi^er weights than the untreated beets, but the nitrate values 
do not differ greatly from one another (fig. 6). Further increases in nitrate 
concentration and in beet weight occurred when the beets were fertilized with 




Nitrate Nitrogen 
Fro. 8. 


Fig. 7. Relationship op Beet Root Weight to Nitrate Nitrogen Concentration 
(Dry Basis) op Petioles op Recently ^^Matxtbed” Leaves prom the Poceman 
Plots por August 28, 1947 

Fig. 8. Relationship op Beet Weight to Nitrate Nitrogen Concentration (Dry 
Basis) op Petioles op Recently “Matured” Leaves op Beets Collected prom 
THE PoCRMAN PLOTS ON NOVEMBER 5, 1947 
On this date the nitrate nitrogen values of the petioles are consistently below 1,000 ppm. 
and do not differ appreciably from one another, whereas the weights increase in accordance 
with the nitrogen that was applied to the soil early in the growing season. 


80 or 160 pounds of nitrogen per acre. Still more nitrogen added to the soil in¬ 
creased the nitrate concentrations of the petioles well above 1,000 ppm., but 
now this had no effect upon the beet weights. 

When the beets were sampled for the third time on August 28 (fig. 7), there 
were still more petioles virtually devoid of nitrate nitrogen, and at the same 




Beet Weights 
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Nitrate Nitrogen 

Fig. 9. Summary op Figures 6 to 8 Showing the Graduaii Transition op Beets with 
FetioiiEs Initially High in Nitrate Concentration, but not Differing 
Significantly in Weight (June 24), to Beets Differing Greatly in 
Weight, but with Vert Low Nitrate Values Not Differing 
Appreciably from Oiub Another (November 5) 

Critical sitrate nitrogen values may be estimated from only the July 30 and August 28 
samplings. 

time there were more treatments that show significant increases in beet weight 
from the hi^er amounts of nitrogen added to the soil. When the petioles con¬ 
tained nitrate nitrogen at concentrations of 1,000 or more ppm., there were 
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again no significant increases in beet wei^ts. On the fourth and final sampling 
on November 5 (fig. 8), all nitrate values of the petioles were well below 1,000 
ppm, and did not differ from one anbther greatly regardless of the amount of 
nitrogen previously added to the soil. The yields harvested from the entire 
plots, in contrast to the nitrate nitrogen values, increased significantly with all 
but the last increment of nitrogen applied to the soil (table 3). The final yields 
in this experiment were in proportion to the amount of nitrogen the beets could 
absorb from the soil during the growing season, and a measure of the adequacy 
or inadequacy of the nitrogen supply can be observed through successive petiole 
samplings. The gradual transition of the curves for nitrate plotted against beet 



Fig. 10. Relationship op Suceosb Concbntbations op Beet Roots (Fresh Basis) to 
Nitrate Nitrogen Concentrations (Dry Basis) op Petioles op Recently 
''Matured” Leaves as Observed in the Pochman Field Experiment 
ON July 30, 1947 

The symbols used in the graph are defined in figure 4. 

weight which takes place during the growing season (figs. 5 to 8), is summarized 
schematically in figure 9. 

The relationship of nitrate concentration of the petioles to the sucrose con¬ 
centration of the beets in the field experiment for July 30 is illustrated in figure 10. 
Just as in the pot experiment (fig. 3), the beets with high nitrate concentrations 
were low in sugar, whereas beets low in nitrate were high in sucrose. 

DISCUSSION 

Selection of the part of the plant that may serve as an indicator of its nitrogen 
status is subject to considerable difldculty and at times may be quite arbitrary. 
The F-values obtained in the pot experiment for the different plant parts (table 1) 
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show that the highest values were associated with the old petioles and the second 
highest with the recently “matured’’ petioles. The coefficients of variability 
likewise favored these plant parts. From the standpoint of sampling under field 
conditions, it is much easier to sample the recently “matured” petioles than the 
old petioles; and furthermore, from the plant physiological point of view, the 
recently “matured” leaves play a much more important part in the life of the 
plant at the time of sampling than do the old leaves; and accordingly, the re¬ 
cently “matured” leaves are preferable to the old leaves for analysis, even though 
the latter appear somewhat better from the statistical point of view. 

In determining the critical nitrogen level of plants, certain difficulties are 
encountered which are comparable to those present in an attempt to verify 
Liebig’s law of the minimum , Blackman’s concept of limiting factors, or Mitscher- 
lich’s idea that the effect of a given factor may be modified by other factors (1,7). 
The crux of this problem lies primarily in the rate of change taking place in the 
zone of transition, starting from a direct increase in yield with each increment 
of the nutrient absorbed by the plant and proceeding to that of luxury consump¬ 
tion, where further increases in the internal concentration of a nutrient have no 
effect upon yield. This transition zone may be relatively narrow; as for example, 
when petioles or blades are analyzed for nitrate (figs. 1, 2, 13, 14) or petioles 
for phosphate (14); or may be relatively broad when blades are analyzed for 
phosphate (14) or when the entire tops of a plant are used for analysis. Though 
slight improvements in evaluating the data statistically may be made by in¬ 
creasing the number of observations taken in the transition zone, it is only 
through major improvements in experimental technique, along with a better 
understanding of the chemical processes taking place within the plant cells, that 
the true nature of the transition zone can be established. 

In the present series of experiments the curves drawn in figures 1, 2, 6, and 7 
were fitted to the data by inspection. It is doubtful whether the shape of the 
curves would have differed greatly had they been developed mathematically or 
if more points in the transition zone had been obtained. That the transition 
zone as drawn in the nitrate yield curves is approximately correct is indicated 
by applying the F-test to the separate zones of these curves. The F-test in¬ 
dicates that the beet weights from the untreated pots and those treated with 
0.26 gm. nitrogen differed significantly from those receiving 0.50 and 1.00 gm. 
of nitrogen (also the latter two differed from each other); whereas this same test 
applied to the beet weights from the pots receiving 1 or more gm. of nitrogen 
indicates that the weights failed to differ significantly from one another. In con¬ 
trast to the beet weight differences, the nitrate values for the “mature” petioles 
changed very little from the xmtreated to the 0.25 and 0.50 treatments, and 
thereafter the nitrate concentrations increased rapidly (fig. 1). In the field experi¬ 
ment these same relationships can be observed readily for the nitrate and beet 
weight values for July 30 (fig. 6 and tables 2 and 3). Here the zone of transition 
for the beet weights and nitrate values is between the 80- and 160-pound nitrogen 
applications. Use of regression coefficients on the data failed to define the tran¬ 
sition zone more sharply than visual inspection or use of the F-test as discussed. 
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In estimating the critical nutrient level for a crop, the time of collecting 
the plant samples in relation to the nutritional responses observed is an important 
factor. In the pot experiment the beets were harvested when there were simul¬ 
taneously large differences in growth between the beets receiving the smaller 
amounts of nitrogen and when there were no significant differences between 
the beets receiving the higher amounts of nitrogen. In this experiment, the 
critical nitrate nitrogen value was estimated to be somewhat less than 2,000 
ppm. and probably somewhat greater than 0 for petioles from recently “matured” 
leaves. In the field experiment, estimationa of the critical nitrogen level from 
the petiole and beet samples were made at four intervals during the growth of 
the beets. In the first set of beet and petiole samples, taken on June 24 (fig. 5), 
the nitrogen fertilization caused large differences in nitrate concentration of 
the petioles and no significant differences in beet root weights (table 3). On 
the basis of these observations, one might conclude incorrectly that there was 
no relationship between the nitrate concentration of the petioles and beet 
weights and that, therefore, the method of plant analysis was not a suitable 
means of evaluating the nitrogen status of the crop. The correct conclusion, as 
shown by the next two sampling dates (figs. 6 and 7), would be that some of the 
untreated beets had reached a low nitrate nitrogen level on June 24 and were 
already deficient in nitrogen, but that insufficient time had elapsed to decrease 
beet growth significantly. The correctness of this interpretation is clearly shown 
by the significantly lower beet weights in the untreated plots in all subesquent 
samplings. On the next two samplings, the curves obtained for nitrate plotted 
against beet weight (figs. 6 and 7) indicate the critical nitrogen level to be approxi¬ 
mately 1,000 ppm. nitrate nitrogen or less. This is considerably lower than that 
indicated by the pot experiments and, accordingly, should serve as a basis for 
further study of this relationship in the field and in pots. On the last sampling 
date (fig. 8), just as in the first sampling on June 24, one would conclude from 
these results alone that no correlation exists between nitrate levels in the petioles 
and beet weights. Here the petioles were very low in nitrate, whereas the beet 
weights were increased greatly by the nitrogen fertilizations. The correct inter¬ 
pretation here would be that aU the beets on the last sampling date were deficient 
in nitrogen in comparison to the known critical level, and accordingly would 
have grown more with still more nitrogen, provided no other deficiency appeared 
thereafter. Better yields from the 240 N treatment on this field would be con¬ 
tingent, in part, upon getting more phosphorus into the beets. This is indicated 
by an analysis of the petioles for phosphate (not reported here), which showed 
that the phosphate from the 240 N + P treatment failed to enter the beets 
in this experiment; and if some of it had been absorbed by the beets, then an 
increase in final yield might have been obtained, since the beets were low in 
phosphorus during a good part of the growing season. It is of significance to 
note too that from the final beet yields alone, the field would have been classified 
as adequately supplied with phosphorus; but from the petiole analyses, the 
beets were considered low in phosphorus and might have responded to this 
element had it been absorbed by the beet roots. 
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SUMMAET 

Sugar beet plants were grown in pots of soil and in the field. 

In the pot experiment, sugar beet plants fertilized with increasing amoimts 
of nitrogen increased in top and beet root growth imtil the plants had received 
an adequate supply of nitrogen; thereafter, there were no significant weight 
increases. Analyses for nitrate nitrogen were made upon oven-dried plant material 
consisting of petioles and blades taken from old leaves, recently “matured’^ 
leaves, and immature leaves of these plants. Regardless of the plant part analyzed 
the plants were exceedingly low in nitrate nitrogen for the imtreated soil and 
remained at this low level with each increment of nitrogen until the critical 
nitrate nitrogen level of the plant part was attained. Thereafter, large increases 
in nitrate took place within the plant part with each addition of nitrogen to the 
soil. Of the plant parts analyzed, the petioles from recently “matured” leaves 
appeared to be preferable. This preference is based primarily upon ease of samp¬ 
ling, upon wide range of nitrate nitrogen concentration—that is, from “zero” 
to almost 3 per cent on the dry basis—, and upon plant physiological considera¬ 
tions. 

In the field experiment, the petioles from recently “matured” leaves gave 
somewhat lower critical nitrate nitrogen levels than in the pot experiments. 
Values of approximately 1,000 ppm. were obtained for field beets on July 30 
and August 28 as compared to somewhat less than 3,000 ppm. for the pot ex¬ 
periment. 

The results of the field experiment indicate that an estimate of the critical 
nutrient level of a crop must be made at a time when some plants have a defi¬ 
ciency and others have an abundant supply of the plant nutrient under study. 
Collection of the petiole samples prior to visible differences in growth resulted 
in large differences in nitrate concentration of the petioles but without any 
relationship to the observed beet weights. Conversely, when the plant samples 
were collected late in the season, it was again impossible to determine the critical 
nitrate nitrogen level of beets, for the plants were now devoid of nitrate even 
though the beet weights differed greatly and in accordance with earlier nitrogen 
fertilizations. 

The nitrate concentration of the petioles at the start of the season in the field 
experiment were highest in the beets with the highest nitrogen fertilization. 
As the season progressed, differences between the nitrate values for the various 
treatments decreased gradually until several months prior to harvest, when all 
the values were approximately the same. In contrast to the nitrate values, the 
sugar concentrations increased gradually \mtil harvested, whereas the beet 
weights increased imtil August 28 and thereafter failed to change appreciably. 

The nitrate concentrations of the petioles in both pot and field experiments 
were correlated inversely with sugar concentrations of the beet roots; the higher 
the nitrate values, the lower the sugar concentrations. 
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The essentiality of boron to higher plant life has been established, but the 
role of this element in the nutrition of microorganisms has not been widely 
studied. No evidence is available to indicate that boron is essential to bacterial 
growth, Brenchley (2) reported observations by several workers of poor develop¬ 
ment of nodule bacteria on roots of legumes that were boron deficient and thus 
were deprived of a normal accessory nitrogen supply. 

Specific reference to the effects of boron on nitrogen fixation by Azoiobacter is 
foirnd in few instances throughout the literature. Voicu (14) reported that humus 
decreased the nitrogen-fixing power of Azotobacter chroococcum in presence of 
boron. When 100 mgm. of humus was present, the amount of nitrogen fixed de¬ 
creased 60 per cent per 5 mgm. of boron and 85 per cent per 10 mgm. of boron. 
Homer and Burk (6) encountered difficulties in obtaining chemically pure com¬ 
pounds for nutrition studies with Azotobacter. They reported that in a magnesium- 
free medium, boron, among other elements, yielded no increase in growth of 
Azotobacter. Herzinger (6) reported growth of A. chroococcum in soil and culture 
solution of pH 6.8 to be optimum at a concentration of 0.3 ppm. boric acid. 

The object of this experiment was to investigate the action of boron on A. 
chroococcum. Studies were made of the influence of boron on nitrogen fixation by 
A. chroococcum in field and greenhouse soils on agar plates. In addition, pure 
cultures of A. chroococcum were grown in agar and nutrient broth treated mth 
boric acid at varying rates. 

EXPERIMENTAL METHODS 

Soils 

The following soils were included in this study: Camas gravelly loam, Chehalis 
silty clay loam, Newberg sandy loam, Melbourne silt loam, and Klamath peat. 
The presence of Azotobacter in these soils was determined by Martin's (11) se¬ 
lective culture agar plate method. 

Nitrogen in the sofls was determined by a modified Kjeldahl procedure, and 
available soil boron was determined by the method of Berger and Truog (1). 

Soil-inoculated agar plates were prepared as follows: The soils were air-dried 
and screened through a 20-mesh sieve. Half-gram portions of each soil were 
sprinkled on a nitrogen-free agar medium in 15-cm. petri dishes and incubated 
at 30® C. 

Nitrogen and available boron contents of field samples of each of the five soils 
were determined. Then eight plates of each soil were incubated, and nitrogen 
was determined on half the plates after 4 days and on the remainder after 11 
days. The results are shown in table 1. 

^ Idaho Agricultural Experiment Station Research Paper 306. 
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In the fall of 1945, surface soil samples were taken from a series of plots at 
the Oregon State College Horticulture Farm that had been treated in spring 

TABLE 1 


Nitrogen fixed in soils from field samples 
Agar plates inoculated with soil 


SOIL 

SOIL SXACXEON 

AVAZLABLS 
SOU BOSON 

FSBINCUBAIZON 

NTEROGKN 

CONXBNT 

NIISOOXN XDOX) 

4 days 

11 days 



ppm- 

mgm. 

mgm. 

mgm- 

Camas gravelly loam. 

6.0 



■SI 

0.9 

Chehalis silty clay loam. 

6.1 


1.1 

Bll 

0.6 

Newberg sandy loam. 

6.0 


0.8 

0.7 

■w 

Melbourne silt loam. 

6.0 


1.1 

0.6 

111 

Klamath peat. 

9.5 


7.8 

0.6 

1.8 



Fig. 1. Effect op Boron on Nitrogen Ftsa-tzon in Chehaus Siltt Clay Loam 

L. S. D. (0.01): 7 days—0.60; 14 days—0.09; 21 days—0.06 C. V. (per cent): 7 days—36.02; 
14 days-—4.63; 21 days—2.25. 

with borax at rates of 20, 40, 80,160, and 320 poxmds per acre and from a con¬ 
trol plot that received no borax. Available boron was determined on each sample. 
Soil-inoculated agar plates, 12 for each sample, were incubated. At 7,14, and 21 
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days, nitrogen determinations were made on four plates of each sample. The 
results are plotted in figure 1. 

Three soils—Newberg sandy loam, Chehalis silty clay loam, and Camas 
gravelly loam—^from greenhouse studies^ had received borax in treatments vary¬ 
ing from 0 to 160 pounds per acre. Composite soil samples from replicated gallon 
j ars in this experiment were handled in the manner previously described. Nitrogen 
fixation and available boron analyses are given in table 2. 

TABLE 2 

Effect of boron on nitrogen fixation in different soil types* 


Agar plates inoculated with soil 


son. 

SATE PSK ACSE 

AVAILABUB 
SOIL BOSON 

NITROGEN EIXED 

Borax 

Boron 

7 days 

Increase 

14 days 

21 days 


lb. 


ppm. 



mgm. 

mgm. 

Newberg sandy loam 

Check 

Check 

0.4 



0.35 

0.35 


20 

2.27 

0.9 

0.50 

100.0 

0.60 

0.90 


80 

9.08 

1.2 

0.60 

140.0 

0.80 

0.75 


160 

18.16 

1.8 

0.60 

140.0 

0.75 

0.80 

Chehalis silty clay loam 

Check 

Check 

0.4 

0.35 

_ 

0.40 

0.40 


5 

0.67 

0.6 

0.70 

100.0 

0.75 

0.85 


10 

1.14 

0.7 

0.80 

128.6 

0.85 



20 

2.27 

0.9 

0.76 

114.3 

0.80 



40 

4.54 

1.7 

0.75 

114.3 

0.75 

0.75 

Camas gravelly loam 

Check 

Check 

0.3 

0.30 

_ 

0.35 

0.35 


10 

1.14 

0.5 

0.66 

116.7 

0.85 

1.10 


20 

2.27 

0.9 

0.60 

100.0 

0.80 

0.95 


40 

4.54 

1.2 

0.60 

100.0 

0.70 

0.75 


80 

9.08 

1 1.6 

0.75 

160.0 

0.75 

0.70 


160 

18.16 

2.0 

0.65 

83.3 

0.60 

0.60 


* From greenhouse studies at Oregon State College, 1945-1947. 


Laboratory media 

Many microorganisms contribute to the nitrogen-fixing potential of a soil. 
Many of these were presumably present in the agar-plus-soil plates and there¬ 
fore were affected by the boric acid treatments. To determine the effect of boron 
on A. chroococcum, pure culture methods were necessary. 

Aqueous suspensions of A. chroococcum were plated on nitrogen-free agar and 
seeded to liter portions of nutrient broth. Both media were treated with boric 
acid at rates varying from 0 to 320 ppm. The agar plates were replicated 12 times 
per treatment. The experiments with both media were conducted three times, 
so that each treatment for each 7-day period was replicated 12 times in all. 

‘ Jordan, J. V. Optimum and critical concentrations of boron in Oregon. Unpublished 
thesis, Oregon State College. 1947. 
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Both agar plates and nutrient broth cultures were incubated at 30® C. The nu¬ 
trient broth cultures were shaken twice daily. At the end of each 7-day period 
for 3 weeks, four plates and four 60-ml. aliquots of nutrient broth from each 
treatment were withdrawn for nitrogen determination. In the nutrient broth 
cultures, pH and soluble boron were determined for each treatment after each 
7-day period. Total boron was determined on the agar and the nutrient broth 
from the control cultures. Soluble boron determinations were possible only in 
the broth cultures. The results are recorded in figures 2 and 3. 



<0.5 1.75 3.5 70 14.0 28.0 56D 

PPM, TOTAL BORON 

Fig. 2, Effect of Boson on Nitkoqbn Fixation on Agab Plates by 
Azotohacter chroococcum 

L. S. D. (0.01): 7 days—0.20; 14 days—0.20; 21 days—0.16 C. V. (per cent): 7 days—3.20; 
14 days-2.77; 21 days—0.98 

Detection of ammonia nitrogen from agar cultures 

The experiments with the two laboratory media described above were each 
repeated three times. In each case the nitrogen values followed the pattern illus¬ 
trated in figures 2 and 3. Nitrogen values for the 7-day cultures rose steadily 
to maximuTri values, then fell off steadily. Nitrogen values for the 14- and 21- 
day cultures followed an irregular path. In several instances, apparently the 
modified Kjelda h l analysis did not account for all the nitrogen in these samples 
or nitrogen was being lost as ammonia from the cultures during incubation. One 
example of this is found in figure 2 where the nitrogen value is only 3.92 mgm. 
for the 21-day-old agar plates which had been treated with 3.5 ppm. boron. 

To determine whether nitrogen was being lost as ammonia, nitrogen-free agar 
carrying 3.5 ppm. boron as boric acid was inoculated with A, chroococcum. This 
was sh aken in a sterile 5-liter vacuum until the solidified agar gave a maxi¬ 
mum of surface for bacterial growth. This surface was equal to at least the com¬ 
bined area of twelve 16-cm. petri dishes. An inlet tube carried filtered and washed 
air into the fiask, as illustrated in figure 4. The outlet carried the atmosphere 
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Fig. 3. Effect of Boron on Nitrogen Fixation in Broth Cttllurbs by 
Azotohacter chroococcum 

L. S. D. (0.01): 7 days—0.07; 14 days—0.21; 21 days—0.33 C. V. (per cent): 7 da 3 rs—2.40; 
14 days—6.73; 21 days—^2.03. 



Fig. 4. Unit for Detection of Ammonia Nitrogen 

from the culture flask xmder suction throu^ a 12-inch column of Nessler solu¬ 
tion. In this manner a constantly changing atmosphere was maintained in the 
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culture flask and all outgoing air was checked for ammonia content. All parts 
of the apparatus were originally sterilized, and after a month’s operation there 
was no contamination evident in the agar culture. A second agar unit was run 
at the same time as a check in which no organisms were cultured. The Nessler 
solution on both units was renewed once a week. Room temperature varied from 
25° to 30° C. during the test. During the 4 weeks’ operation of these two units, 
no ammonia appeared to be released from either the culture flask or the control 
fl flisk > 


RESULTS AND DISCUSSION 

Soils 

The results shown in table 1 and figure 1 and observations described below 
indicate that A. chroococcum is one of the nitrogen-fixing organisms present in 
the soil samples examined. In every case nitrogen values increased in the 4-day- 
old and 11-^y-old agar plates inoculated with soil. The pH of these samples 
ranged from 6.0 to 9.5 and available soil boron from 0.3 tO ''20 ppm. Colonies 
developing on these plates were clustered around soil particles or granules. They 
had a white, glistening, and gummy appearance. Microscopic examination re¬ 
vealed oval or fat rod-shaped nonmotile organisms. Colonies were inoculated on 
nitrogen-free agar slants. The original white growth became brown after 2 weeks’ 
incubation. After 14 days’ incubation, a floating membrane formed in tap water 
cultures containing 2 per cent mannitol and 0.02 per cent dipotassium phosphate 
inoculated with 0.5 gm. of soil. 

The figures in table 2 show evidence of a relationship between available soil 
boron and nitrogen fixation. Borax applications to the Newberg, Chehalis, and 
Camas soils increased the available boron from 0.4,0.4, and 0.3 ppm. respectively 
in the checks to maxima of 1.8, 1.7, and 2.0 ppm. in the treated soils. Nitrogen 
fixation on these treatments increased 83.3 per cent to 140.0 per cent over the 
checks in the 7-day plates inoculated with soil. In the 14-day and 21-day plates, 
the highest nitrogen increases were found within the available boron range of 
0.5 to 0.9 ppm. This includes the optimum range of 0.5 to 0.75 ppm. reported 
by Jordan and Powers (7), for medium-textured soils in greenhouse trials using 
Bountiful beans as the indicator crop. 

Figure 1 indicates that a significant increase in nitrogen fixation occurred in 
the 7-day plates when the available soil boron was increased from 0.30 ppm. to 
0.50 ppm.; in the 14-day plates when there was no apparent increase in available 
boron and in the 21-day plates when the available soil boron rose to 0.80 ppm. 

Seven-day cultures 

The effect of boric acid treatments on pure cultures of A, chroococcum is shown 
in figures 2 and 3. In the 7-day-old agar plates, nitrogen increases amounted to 
20.8,38.2, and 18.2 per cent in the agar treated with 3.5,7.0, and 14.0 ppm. boron 
respectively. On the 7-day curve in figure 2, as the total boron increases to 7 
ppm., there is a highly significant increase in nitrogen fixation at the 1 per cent 
level. With higher boron concentrations, nitrogen fixation decreases. 
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In the 7-day-old broth cultures, replicates carrying 2.7 and 3.0 ppm. soluble 
boron were not significantly different in nitrogen content. These nitrogen values 
were 3.63 and 3.61 mgm. and were maximum values, as shown in figure 3. Suc¬ 
cessive nitrogen values on this curve are significantly different at the 1 per cent 
level, with the exception mentioned. Smaller amounts of nitrogen were fixed in 
the nutrient broth cultures than in the agar plates. Percentage increases in 
nitrogen values, however, were greater in the treated nutrient broth cultures. 
Nitrogen increases declined significantly in both agar and nutrient broth cultures 
carrying more than 7 ppm. total boron (at the 3.0 ppm, available boron level 
in figure 3). The relatively small increases in available or soluble boron in the 
cultures with successive doubling of the amounts of boron added may be at¬ 
tributed to jSxation. In this case, the excess calcium carbonate present in the 
culture media tends to tie up part of the total boron present. Overliming causes 
a similar phenomenon in soils (13). 

The nutrient broth cultures were analyzed for available boron. For the 7-day- 
old cultures in which 0.4 ppm. of soluble boron was present, the nitrogen in¬ 
crease was significantly greater, 78.57 per cent, than in the check culture carrying 
less than 0.05 ppm. soluble boron. Above 3 ppm. soluble boron, nitrogen fixation 
declined. 

Fourteen- and twenty-one-day cultures 

Nitrogen values of 14-day-old and 21-day-old cultures in both agar and nu¬ 
trient broth were erratic, as shown in figures 2 and 3. This may be attributed 
to at least three factors: (a) cell decomposition in old cultures resulting in partial 
nitrogen loss as ammonia; (6) nitrogen lost as ammonia during incubation in 
cultures at certain boric acid concentrations; (c) failure of the modified Kjeldahl 
procedure to accoimt for all the nitrogen present. Kostytschew and co-workers 
(8, 9) reported finding ammonia in filtrates from cultures of Azotdbacter agile. 
They stated that the ammonia was an intermediary in fixation rather than due 
to cell decomposition. In 1930, Winogradsky (16) demonstrated that Azoto- 
bacter cultures readily formed ammonia when grown on silica gel medium con¬ 
taining lactate or succinate. Other workers, including Burk and Homer (3) have 
disagreed with the above reports. 

The absolute values of the nitrogen determinations obtained for 14-day-oId 
and 21-day-old cultures may be open to question. Smyth and Wilson (12), 
McKibbin et al. (10), Christensen and Fulmer (4), and others have reported that 
nitrogen found by Kjeldahl modifications in biological materials is less than that 
indicated by the Dumas absolute method. Wilson (15) concluded that in ex¬ 
periments in which the development of an organism changes the form of nitrogen, 
apparent gains and losses may reflect only the ability of a given Kjeldahl method 
to estimate different types of nitrogenous compounds. 

Although the nitrogen values are erratic for the 14-day-old and 21-day-old 
cultures at the various boron levels, the great majority of the values are signifi¬ 
cant. Analyses of these cultures indicate that more nitrogen is fixed in the cul¬ 
tures treated with boric acid than in the control cultures that had received no 
boric acid. 
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SDMMABT AND CONCLUSIONS 

Azotaibader dvroococcum was among the nitrogen-fixing organisms present in 
Camas gravelly loam, Chehalis silty clay loam, Newberg sandy loam, Melbourne 
silt loam, and Klamath peat. Available boron and pH of these soils varied from 
0.3 to 20 ppm. and from 6.0 to 9.5 respectively. 

The Camas, Chehalis, and Newberg soils, when treated with borax at rates 
up to 160 pounds per acre and plated on nitrogen-free agar, gave increased 
nitrogen values over the untreated soils, which contained 0.3 to 0.4 ppm. available 
boron. These increases amounted to 100 per cent or more in the treated soils 
when the available boron ranged from 0.5 to 1.8 ppm. 

Seven-day-old agar plates inoculated with Chehalis silty clay loam gave signifi¬ 
cant increases in nitrogen values where the available boron was increased from 
0.3 ppm. to 0.5 ppm. 

Agar plates inoculated with A. chroococcum and treated with boron varying 
from 0 to 56 ppm. showed significant increases in nitrogen content up to 7 ppm. 
total boron. At this point, nitrogen fixation declined. 

Broth cultures inoculated with A. chroococcum and treated with 0 to 56 ppm. 
of boron showed significant increases in nitrogen content after 7 days in cultures 
carrying up to 3.5 and 7 ppm. total boron. Cultures carrying more than 7 ppm. 
total boron or 3 ppm. available boron fixed smaller amounts of nitrogen. 

Nitrogen determinations of 14'day-old and 21-day-old cultures followed an 
irregular pattern, in contrast to the 7-day-old cultures. The erratic values 
indicate that either nitrogen was lost as ammonia or that the modified Ejeldahl 
procedure gave values that were too low for nitrogen. No loss of ammonia from 
the cultures could be demonstrated. 

Although nitrogen values mi^t not be regarded as absolute, the boron treat¬ 
ments in soils and the boric acid treatments in prire cultures seemed to increase 
nitrogen fixation by A. diroococcum. 

REFERENCES 

(1) Bebgeb, K. C., and Tbuoo, E. 1940 Boron deficiencies as revealed by plant and 

soil tests. Jour. Amer. Soe. Agron. 32: 297-301. 

(2) Bbenchlet, W. E. 1943 Minor elements and plant growth Biol. Rev. Cambridge 

PMl. Soc. 18:1S9-171. 

(3) Bttbe, D., and Hobneb, C. K. 1936 The origin and significance of ammonia formed 

by AMitobacter. Soil Sd. 41: 81-122. 

(4) Chbistensen, L. M., and FuIiUEb, E. I. 1927 A modified Ejeldahl method for the 

determination of the nitrogen content of yeast. Plant Physiol. 2:465-460. 

(6) Hbbzingbb, F. 1940 The sphere of activity of boron. Bodetik. u. Pfiamenerndhr. 

16: 141-168. 

(6) Hobneb, G. K., and Bube, D. 1934 Magnesium, calcium and iron requirements 

for growth of Asotobaeter in free and fixed nitrogen. Jour. Agr. Res, 48:981-995. 

(7) JoBDAN, J. V., AND PowEBS, W. L. 1947 Status of boron in Oregon soils and plant 

nutrition. Soil Sci. Soc. Amer. Proc. (1946) 11: 324-331. 

(8) EosTrrsoHEW, S., and Rtssadibohue, A. 1925 Les produits de la fixation de I’azote 

atmospherique par VAsotobaeter agile. Compt. Rend. Acad. Set. [Pam] 180:2070- 

2072. 



EFFECT OF BOBON ON AZOTOBACTEB 


319 


(9) Kostttschbw, S., et al. 1926 Biochemisclie Untersuohungen fiber Azotobacter 
agile. Ztechr. Physiol. Chem. 164: 1-17. 

(10) McKibbin, E. B., et al. 1935 The condition of the nitrogen, phosphorus and sulfur 

of soil organic matter. Third Intematl. Cong. Soil Sci. Trane. 1: 419-421. 

(11) Mabtin, W. P. 1940 Distribution and activity of Azotohacter in the range and cul¬ 

tivated soils of Arizona. Ariz. Agr. Exp. Sta. Tech Bui. 83. 

(12) Smyth, E. M., and Wilson, F. W. 1935 tlber die scheinbare Stickstoffassimilation 

keimender Erbsen. Biochem. Ztschr. 282: 1-25. 

(13) Tbuningeb, E. 1944 The effects of boron as a trace element. Rev. Appl. Mycol. 23: 

277-278. 

(14) Voicu, J. 1922 Influence of humus upon the sensitivity of Azotohacter chroococcum 

to boron. Compt. Rend. Acad. Sci. [Paris] 175:317-319. 

(16) Wilson, P. W. 1940 The Biochemistry of S 3 nnbiotic Nitrogen Fixation. The Uni¬ 
versity of Wisconsin Press, Madison. 

(16) Winogradsky, S. 1930 Sur la S 3 mthese de Pammoniac par les Azotohacter du sol. 
Compt. Rend. Acad. Sd. [Paris] 190: 661-666. 




BORON SOURCES OF MODERATE SOLUBILITY AS SUPPLEMENTS 

FOR SANDY SOILS 

HERBERT W. WINSOR 
Florida Agricultural Experiment Station 

ReoeivBd for publication October 19, 1049 

Differences in solubility of various boron supplements can cause important 
differences in their effects upon the growth of economic plants. Borax, one of 
the most soluble, came into inadvertent but widespread use as an impurity in 
domestic potash fertilizers during World War I. Its effects appear to have been 
more harmful than beneficial. The first toxicity was noted in 1917 on fields of 
com in the vicinity of Francesville, Indiana (12, pp. 16, 17). Conner and Fergus 
(1) found that ^ to 4 pounds of anhydrous borax per acre when drilled with 
com seed caused serious injury. Morse (7) reported material losses in Maine 
potato fields in 1919; and Plummer and Wolf (11) pointed out that in North 
Carolina the yields of cotton and tobacco were greatly decreased. It was ob¬ 
served (11; 12, pp. 16, 17) that fertilizers containing borax caused most severe 
injury in areas of light sandy soils. 

Later, several investigators found boron in minute amounts to be essential 
for growth and quality in various economic plants. Johnston and Fisher (3) 
pointed to the necessity for a limited but constant supply throughout the 
growing season. Eaton (2) in 1932 suggested that Colemanite, a less soluble 
boron source than borax, might be used advantageously. McHargue and Calfee 
(6) in 1933 reported that in greenhouse pot experiments a powdered borosilicate 
of low solubility was superior to the soluble borates for lettuce. Muckenhim 
(8) also used borosilicate successfully in quartz sand cultures. These reports 
directed attention toward boron sources of low solubility somewhat before 
borax came into general use as a soil supplement. 

Aside from its possible toxic effects, borax is an inferior boron source for sandy 
soils because of its rapid loss by leaching. Laboratory studies by Kriigel, Drey¬ 
spring, and Lotthammer (4) on the rate of leaching of various boron sources 
gave the following results: From a borax-superphosphate mixture used on a 
slightly humic loamy sand, 83.3 per cent of the applied boron was lost by leaching 
with water equivalent to about 28 inches of rain. On the other hand, magnesium- 
boracite was not subject to leaching even on light soils. Under field conditions, 
with borax as the source, the writer (17) found as low as 1.94 per cent of the 
applied boron remaining in Lakeland fine sand, determined as boiling-water 
extractable boron in the 0-6 inch zone after 4 months and 16.5 inches of rain. 
Practical aspects of rapid loss by leaching were noted by White-Stevens (16), 
who reported that borax in amoxmts adequate for vegetable production in 
normal years became insufiScient in years of heavy rainfall. He suggested that 
the amount required in a dry season be applied each year, then in the event of 
excessive rains, more borax be used in sidedressings with nitrate of soda or 
mixed into fungicidal sprays. 
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Lynch (5) found that in the conventional method of drilling a fertilizer-borax 
mixture with the seed, the amount of borax required to give full control of 
brown heart of rutabagas impaired germination and severely injured emerging 
seedlings. This injury took the form of white or yellow cotyledons and stunted 
growth. Such seedlings were easily killed by dry weather or adverse growing 
conditions; and in surviving plants yields were likely to be seriously reduced. 
As an alternative, broadcasting at the rate of 40 poimds of borax per acre gave 
good control in normal years, but in years of heavy rainfall the borax was 
leached, allowing serious incidence of brown heart. L 3 mch’s conclusion was as 
follows: 

The production of a compound of boron which can be safely drilled with the seed to 
control brown heart without affecting germination should be the first objective. The acreage 
annually devoted to turnips and swedes and the widespread and often severe losses caused 
by the disease undoubtedly justify the carrsdng out of additional research. 

The primary source of boron in humid soils is the mineral tourmaline which, 
according to Whetstone, Robinson, and Byers (15) is the only boron mineral 
commonly identifiable in soils. This complex aluminum-borosilicate contains 
10 per cent or less B 2 O 3 , or about 3 per cent boron. It is highly insoluble, as will 
be seen in the following comparison between the total and water-extractable 
boron content of Florida soils. Spectrographic analyses reported by Rogers 
et oL. (14) showed that Florida mineral soils have an average total boron content 
of about 70 ppm. The boiling-water-extractable boron (17) is about 0.10 ppm. 
Thus, for every 700 parts of total boron, only about 1 part is in readily soluble 
form. Plant roots in these soils are accustomed to soluble boron in extremely 
small amounts. 

From the foregoing it would appear that where boron supplements are needed, 
some effort diould be made to select those which will furnish a low and fairly 
constant supply in the soil solution. The only record noted of borosilicate as a 
source was in the references already mentioned; however, Colemanite was em¬ 
ployed recently in pot experiments by Page and Paden (10), .who found that 
over a period of 26 days it was much less soluble than several other domestic 
borates. No record has been found of systematic investigation of the less soluble 
boron sources in the field. 

The present experiments were designed to study in the field several domestic 
boron carriers of diverse solubility, to establish practical criteria for their use 
as soil supplements. Only materials likely to become available in adequate 
commercial supply were used. 


MATERIALS 

1 . Borax: NasBiOr'lDHsO. The commercial grade used was listed as having 
a purity of 99.5 to 100 per cent. The BaOg content is approximately 36.5 per 
cent; hardness, 2 to 2.5; specific gravity, 1.70. 

2. Fertilizer borate: A semirefined commercial product containing 34 per cent 
B2O3. Physical properties similar to those of commercial borax. 
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3. Kemite: NasB 407 * 4 H 20 . Occurs as long fibrous prismatic crystals, color¬ 
less to white. B 2 O 3 content 51 per cent. Similar to borax in chemical composi¬ 
tion, but varies markedly in its physical properties. Fineness of grinding: 16 
meshes (per inch) and finer. Hardness, 3.0; specific gravity, 1.95. 

4. Colemanite:^ A hydrated calcium borate, Ca 2 B 60 ii* 5 H 20 . Occurs as color¬ 
less to white short prismatic crystals, \asually highly modified and imbedded 
in masses of less pure material. B 2 O 3 content of pure crystals about 50 per cent; 
that of commercial grades about 28 to 44 per cent. Fineness of grinding in the 
(Merent experiments: part A, 60 mesh and finer; Part B, 20 mesh and finer; 
and part C, 20-40 mesh. Hardness, 4 to 4.5; specific gravity, 2.42. 

5. Borosilicate: A synthetic material containing about 13 per cent B 2 OS. 
Ground to 20 mesh and finer for part B; and to 100 mesh for part C. 

ANALYTICAL 

Plant analysis for boron was by the foliage extraction micromethod (18) 
which had been found satisfactory in evaluating small differences in boron uptake 
by coUards. Boron in the soil was determined as boiling-water extractable, by 
a modification of the method of Naftel (9). The details were as follows: 

10 gm. of air-dried soil was extracted by boiling with 50 ml. of water in a 250-ml. boron- 
free flask attached to a boron-free reflux condenser. After 5 minutes of boiling, the heat 
was removed and the flask and contents were allowed to cool about 15 minutes, then placed 
in a refrigerator until reduced to room temperature. The supernatant solution was then 
poured immediately into an 80-ml. cellulose-nitrate centrifuge tube to fit the Sorvall Type 
SP angle centrifuge, run a,t 3700 r.p.m. for 25 minutes, then allowed gently to come to a 
stop. Approximately 25 xnl. of the clarified solution was transferred into a similar cellulose-, 
nitrate tube by means of a pipette with a rubber tube extension. This solution was stirred, 
and two 10-ml. aliquots were removed for duplicate analyses. 

The reagents were the same as those employed for determining boron in plant 
tissue. In soils analysis accuracy was improved by removing the evaporating 
dishes from the steam bath at the end of the first evaporation as soon as they 
reached approximate dryness. Use of filter paper was avoided, to prevent boron 
contamination (18). Althou^ the values for native water-soluble boron in the 
soils presented herein may appear low in comparison with those published 
dsewhere, they are in agreement with the values reported by Rogers (13) for 
similar soils in Albama. 


EXPERIMENTAL 

The three phases of the experiment were designated as parts A, B, and C. 
All were on Lakeland fine sand, a soil of low general fertility, with a reaction 
level, before adjustment, of about pH 5.6. Parts A and B were conducted on a 
plot area where the soluble boron content in the 0-6 inch depth was 0^08 ppm.; 
part C was with topsoil transported, sieved, roughly homogenized, and placed 

1 Colemanite is mined and processed by the Pacific Coast Borax Company, Los 
Angeles 14, California; the 100-mesh Borosilicate, No. 7740, is produced by the Corning 
Glass Works, Corning, New York. 
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to a depth of 16 inches in 3- by 3-foot bottomless concrete pits in which the 
original subsoil (also Lakeland) was retained. The soluble boron in the soil of 
part C was 0.03 ppm., an unusually low value. 

Part A included all four of the California borates (materials 1 to 4). The log 
was as follows: 

1947 

Nov. 6 Broadcast 1,500 pounds of dolomite per acre, which contained sulfates of copper, 
manganese, and zinc at the rate of 20, 25, and 7J pounds per acre, respectively; 
also the boron supplements to give 20 pounds borax-equivalent per acre, using 
randomized plots in triplicate. 

Nov. 7 Rain, 1.63 inches. 

Nov. 10 Applied 5-7-5 fertilizer, 500 pounds per acre, made up from uramon, superphos¬ 
phate, and muriate of potash. 

Nov. 11 Rain, 0,77 inch. 

Nov. 13 Rutabaga seed planted. 

Nov. 14 CoUard plants set. 

Dec. 14 Rainfall, first month, 1.08 inches. 

1948 

Jan. 12 Applied second and final 500 pounds of fertilizer per acre. 

Jan. 14 Rainfall, second month, 2.15 inches. 

Feb. 14 Rainfall, third month, 6.59 inches. 

Mar. 14 Rainfall, fourth month, 8.75 inches. 

Mar. 15 Collards harvested. 

Mar. 16 Soil sampled for residual boron. 

Mar. 18 Rutabagas harvested. 

The soil reaction averaged pH 6.1, this level having resulted from the dolomite 
application. At harvest, the rutabagas grown without boron supplement, es¬ 
pecially those of marketable size, showed notable boron-deficiency symptoms. 
All four of the boron supplements appeared equally effective in correcting this 
deficiency; however, the yield was considerably reduced by the two sources of 
greatest solubility. The results of analysis of the soil for water-soluble boron 
and the yields of the crops are given in table 1. 

The results indicate striking differences in the amounts of boiling-water- 
extractable boron remaining in the top 18 inches of soil from the various sup¬ 
plements. The California borates fall into two classes: the extremely soluble borax 
and fertilizer borate, and the somewhat less soluble Kernite and Colemanite. 
From these two latter materials more than twice as much of the applied boron 
was retained as from borax and fertilizer borate. With borax and fertilizer 
borate there was notable repression of yield; with the same amoimt of boron 
applied in the form of Kemite and Colemanite, this repression did not occur. 
The only tenable interpretation is that of early season injury from too high a 
concentration of boron in the soil solution where the rapidly soluble borax and 
fertilizer borate were used. 

On April 14, 1948, a new experimental unit was begun as a preliminary test of 
boron supplements of a wider range of solubility than previously studied. 
Borax was used to represent rapid solubility; Colemanite, the least soluble of 
the domestic borates, to represent moderate solubility; and 20-mesh borosilicate, 
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a hi^y insoluble material, to represent slow solubility. In this experiment, 
designated as part B, the test crop was hairy indigo {Indigojera hirsuita L.). 
Borax and Colemanite were used at 10,20, and 40 pounds per acre; the 20-mesh 
borosilicate was applied at rates of 60, 100, 200, and 400 pounds per acre. No 
fertilizer was applied. 

Because of very dry weather the seeds of the hairy indigo did not germinate 
until late in May, when their emergence was assisted by several rains. By mid- 
June differential toxicity effects were noted: the most severe was from 40 pounds of 
borax, while 20 pounds also showed injury. The symptoms from borax and Cole¬ 
manite were quite different: borax gave an almost immediate effect, apparently 
by injury to the roots, with notable stunting of the tops; Colemanite, on the 
other hand, had no serious initial effects upon growth, but its effect diowed up 
later as a ts^pical marginal bum of the foliage. In the borax plots essentially 

TABLE 1 


Boron retention in Lakeland fine sand from four sources of loron, and associated yields of 

vegetables 


20 SOtINDS BOKAX-EQUIVALENI 
mEK ACS£| AS 

DEPTH 

SAMPLED 

BOEON 

POUND 

BOKON BEXAINED 

GBEEN 

WEIGHT 

COIXABDS 

GBEEN 

WEIGHT 

BUTABAGAS 


in. 

ppm. 

ppm. 

per cent 

gm^ 

gm- 

(No boron supplement) 

0-6 

0.08 

— 

— 

3146 

2860 


6-18 

0.04 

— 

— 



Borax 

0-6 

0.12 

0.04 

3.6 

2160 

1766 


6-18 

0.10 

0.06 

10.6 



Fertilizer borate 

0-6 

0.12 

0.04 

3.6 

2481 

2690 


6-18 

0.08 

0.04 

Ha 



Kernite 

0-6 

0.16 

0.08 

Ha 

3246 

3516 


6-18 

0.14 

0.10 

17.6 



Colemanite 

0-6 

0.20 

0.12 

10.6 

4008 

3126 


6-18 

0.14 

0.10 

17.6 




no marginal bum developed, yet the plants in the 40-pound borax treatments 
remained dwarfed throughout the growing season. The reason for failure to 
develop the foliage symptoms usually associated wiili boron toxicity appears 
to be as follows: the rapidly soluble borax injured the rootlets imme^ately 
so they were incapable of performing their normal uptake functions, then the 
Slimmer rains leached the soluble boron rapidly away, and when the roots 
were able to resume normal activity the boron supplement had been depleted 
to an amount insufficient to produce the usual mar^nal bum in the foliage. With 
Colemanite the rate of solution appears to have been sufficiently slow initially 
that normal root systems developed which later took up boron from this progres- 
fflvdy-dissolving material until marginal bum was produced in the foliage. 
Analysis of the foliage on August 4 furnished data which support the above 
premise, as the leaves from the borax treatments of 10, 20, and 40 pounds per 
acre showed, respectively, 0.28, 0.32, and 0.26 y of boron per 10 sq. cm. of leaf; 
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whereas leaves from the corresponding Colemanite treatments showed the 
respective values of 0.42, 0.66, and 0.74 y. The plants were harvested on August 
11, and the yields are given in table 2. With borax at 40 pounds per acre, injury 
was much more severe than with Colemanite at the same rate, for the 3 deld 
as compared with the check was reduced 78 per cent by borax, but only 26 per 
cent by Colemanite. Borosilicate produced no visible symptoms of injury, but 
the yield was reduced at the 200- and 400-pound rates of application. 

From a practical standpoint, 20-mesh borosilicate was regarded as too coarse 
and too insoluble, necessitating too large an application per acre to make it 
economical. For part C, therefore, borosilicate ground to pass 100 meshes per 
inch was obtained. This was used as before in comparison with borax and Cole- 

TABLE 2 


Yield of hairy indigo grown on Lakeland fine sand as influenced by boron supplements of 

diverse solubility 


BOKOSr SOURCE 

PLANT YIELD 


a./A. 

gm* 

(Check plots). 

0 

2837 

Borax. 

10 

2860 

Borax... 

20 

1837 

Borax.... 

40 

633 

Colemanite. 

10 

2719 

Colemanite... 

20 

1840 

Colemanite. 

40 

2135 

Borosilicate. 

50 

2913 

Borosilicate. 

100 

3549 

Borosilicate. 

200 

2356 

Borosilicate. 

400 

2158 


* Green weight; mean of three replications. 


manite, which were applied at 5, 15, and 45 pounds per acre; whereas the boro¬ 
silicate was used at 30, 90, and 270 pounds per acre. The log was as follows: 

1948 

Dec. 23 Broadcast 500 pounds of 5-7-5 fertilizer (same as for part A) which contained 
sulfates of copper, magnesium, manganese, and zinc to give 25, 100, 25, and 10 
pounds per acre, respectively. The boron materials also were mixed into this 
fertilizer, just before application. Limestone at 1,500 pounds per acre had been 
used 2 years previously; the reaction, except for check omissions, was pH 6.5. 

Dec. 24 Planted seeds of collards and rutabagas, the collards as a source of foliage for 
periodic analysis. 

1949 

Jan. 3 Collards coming up well, except where 45 pounds of borax per acre was applied. 

Jan. 17 No injury as yet from Colemanite or borosilicate in their highest amounts (45 
and 270 pounds per acre, respectively). 

Jan. 19 Conditions in collards photographed (figs. 1 and 2). 
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Collards Foliage for Periodic Analysis 



SAMPLING 

PERIOD 

WEEKS 

PLANTED 

INCHES RAINFALL 
IN PERIOD 

INCHES RAINFALL, 
TOTAL 

Jan. 24. 

First 


1.03 

1.03 

Feb. 14. 

Second 

n 

5.54 

6.57 

Mar. 7. 

Third 

lOi 

1.82 

8.39 

Mar. 28. 

Fourth 

13i 

1.40 

9.79 

Apr. 21. 

Fifth 

17 

9.96 

19.75 


On January 24, month after the seeds were planted, foliage samples from the 
collards Avere gathered and analyzed for boron. The results of these and sub- 



FiG. 2. COLEMANITE AT 45 POTJNDS PER ACRE PRODUCED NO INITIAL INJURY 


sequent analyses are given in figure 3. The graphs illustrate clearly why initial 
injury is so often experienced with borax. In the leaA'es grown with borax as the 
source as compared with those grown with Colemanite, the ratio of boron was 
8 to 1 at the 5-pound-per-acre rate, 5.8 to 1 at the 15-pound rate, and 9.2 to 1 
at the 45-pound rate. The values for Colemanite did not long remain at their 
initial low level, for by the next period of analysis, only 3 weeks later, the foliage 
boron from Colemanite had exceeded the level from borax at both the 5- and 15- 
pound rates and nearly equalled it at the 45-pound rate. Precipitation records 
assist materially in understanding the rapid change in status affecting borax 
and Colemanite. During the first month of the experiment there were only three 
light rains. In distribution and amount these appear to have been favorable to 
the dissolution and temporary retention of borax, favoring rapid uptake of boron 
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Irom that source. Then after the first samples were taken, for a period from 
January 29 to February 11, almost daily rain totaled 5.54 inches. These rains 
leached much of the borax to lower depths, but promoted the dissolution of 
Colemanite with attendant high rate of boron uptake, causing the crossing over 
of the curves (fig. 3) by the seventh or eighth week. Thus, it is concluded that 
the initial protection afforded by the use of Colemanite as a boron source can 
be expected to last for only a few weeks. The graphs show that the 100-mesh 
borosilicate furnished a small amount of boron initially, but gradually liberated 
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Fig. 3. Boron Uptake by Collard Foliage from Sotrc’Es of Diverse Solubility 


a moderate and constant supply. In this respect it is most nearly comparable 
to the boron supplied natively under noraial conditions for plant gi'owth. 

As the collards grew, they were progressively thinned, finally to five per plot. 
The rutabagas were similarly thinned but left more closely spaced except where 
injury from borax had been severe and where in some instances, therefore, the 
stand was insufficient. There was considerable initial injuiy with even the 15- 
pound rate of borax, as shown by delayed emergence and some defoimity in 
the seedlings. With Colemanite, although there was no initial injury, as the 
season advanced there was indication of unthriftiness, especially with rutabagas 
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at the 45-pouiid rate. On May 5 the rutabagas were pulled, stripped of leaves, 
and weighed. The yields are given in table 3. 

The severe deficiency symptoms in the rutabagas receiving no boron supple¬ 
ment are shown in roots 4 and 16 of figure 4. That the limiting factor was boron 
is demonstrated in B 14, which in addition to the elements supplied to Nos. 


TABLE 3 

Influence of boron sources of diverse solubility on yield of rutabagas 
grown i n Lakeland fine sand 


YIELDS* AT VARIOUS RATES OF APPLICATIONf 


BORON SOURCE 



1 X 

3 X 

9 X 


gm. 

gm. 

gm. 

Borax. . 

473 

436 

313 

Colemanite. . 

681 

396 

311 

Borosilicate. 

775 

785 

514 


* Yields are in green weights of roots per treatment; mean of yields from check plots, 
418 gm. 

t On the basis of pounds per acre, the rate designated as “X” represents 5 pounds each 
for borax and colemanite, and 30 pounds for borosilicate. 



Fig. 4. Effects of Colemanite in Correcting Boron Deficiency of Rutabagas 
Roots reduced to approximately natural size. 4 received fertilizer plus lime; 16 re¬ 
ceived fertilizer plus copper, magnesium, manganese, and zinc; B 14 received 5 pounds of 
Colemanite per acre in addition to the elements furnished Nos. 4 and 16. 


4 and 16 received boron as 5 pounds of Colemanite per acre. In all instances 
where Colemanite was used at the 5-pound rate there was complete freedom 
from internal abnormality. But where lime and the metallic minor elements 
were omitted, borax at the same rate produced a few roots showing wateiy-heai*t, 
the least severe form of the deficiency. On the other hand, borax at the next higher 
rates, 15 and 45 pounds per acre, gave some necrosis of fibrous roots and mal- 
fonnation of the main roots. In contrast to these conditions resulting from 
sensitivity to undersupply or oversupply of soluble boron, the results from 
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borosilicate impressively demonstrated the value of governed supply. In D 14 
of figure 5 is shown the effect produced by the smallest amount, 30 pounds per 
acre. Although deficiency symptoms were eliminated, the texture was inferior 
to the roots from D 7, where the rate was 90 pounds per acre. The roots produced 
by this higher rate of borosilicate were remarkable for their internal and external 
texture and for their uniformity. The yield also was superior. At 270 pounds 
per acre, borosilicate caused the roots to become stringy and elongated (D 8, 
fig. 5), indicating that the optimum level for nutrient boron had been exceeded. 
Yet the yield in this case was not reduced to any^vhere near the low level pro¬ 
duced by 45 pounds per acre of either borax or Colemanite. 



Fig. 5. Effects of Borosilicate on Quality of Rutabagas Grown in the Same lioRON 
Deficient Soil Which Produced Roots 4 .and 16 in Figure 4 
Roots reduced to appro.ximately A natural size. D 14 received same treatment as B 14, 
figure 4, e.xcept as the boron source it received 30 pounds of borosilicate per aero, which 
corrected boron-deficiency symptoms but produced slightly inferior texture; D 7 received 
same treatment as D 14, e.xcept borosilicate was applied at 90 pounds per acre, which re¬ 
sulted in unusually smooth internal and e.xternal textures, and ideal configuration; D 8 
received same treatment as D 7 except for the rate of application of borosilicate, 270 ])ounds 
per acre—the roots were elongated and stringy, but no other symptoms of injui’.v were 
noted. 


DISCUSSION 

Boron sources which because of their rapid solubility may be initially toxic 
to seedlings, yet leach to the point of insufficiency before the crop matures, 
would seem to be unsuitable for use in the study of minor element intera(*-tions. 
In many instances the true value of boron as a nutrient may have been obscured 
by use of these too-soluble materials, particularly in experiments evaluated 
solely by yield. 

Of the domestic borates, it is believed that Colemanite will prove to be the 
most satisfactory as a supplement for sandy soils. It judicious use, both experi¬ 
mentally and practically, should be helpful in correcting boron deficiencies 
and in producing maximum yields. The commercial product, however, should 
be processed to remove impalpable material, as preliminary observations indicate 
that this portion of ground Colemanite acts similarly to borax in the soil and 
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may prove equally toxic. Moreover, if Colemanite is mixed ivith superphosphate 
or with fertUizers contaming large amounts of superphoi^hate, it may become 
undesirably soluble because of the action of the free sulfuric acid present. Boro- 
silicate should be resistant to acids, and mi^t, therefore, be a more satisfactory 
material for mixing with conomercial fertilizers. 

SUMUASY 

Five boron sources covering a wide range of solubility were tested in the 
field on Lakeland fine sand. 

Borax, fertilizer borate, Kemite, and Colemanite were used on the basis 
of 20 pounds borax-equivalent per acre. After 4 months and 21 inches of rain 
the boron remaining as boiling-water extractable in the 0-6 inch zone was, 
respectively, for the four materials: 3.5, 3.5, 7.1, and 10.6 per cent. Initially 
rapid dissolution of borax and fertilizer borate was reflected in depressed yields 
of both coUards and rutabagas, though the same amount of boron as Kemite 
or Colemanite gave no detrimental effect. 

The second unit represented an extreme range in solubility in that borax, 
Colenoanite, and 20-mesh borosilicate were the sources. The fiirst two were used 
at 10,20, and 40 pounds per acre, and the borosilicate at50,100, and200, and 400 
pounds per acre. Their toxic effects upon hairy indigo (Indigofera hirswta 
L.) were compared. Injury by borax at 40 pounds per acre was severe, and at 
20 pounds moderate. Colemanite at the same rates gave no initial injmy, but later 
produced marginal bum in the foliage. At the 40-pound rate the yield was 
reduced 78 per cent by borax, but only 25 per cent by Colemanite. Borosilicate 
produced no visible ssrmptoms of injury, but the yield was reduced at the 200- 
and 400-pound rates of application. 

The third unit employed borax and Colemanite at 5, 15, and 45 pounds, and 
100-medi borosilicate at 30, 90, and 270 poimds per acre. One month from 
seeding, foliage of the coUards that had received borax as the supplement con¬ 
tained eight times more boron than where Colemanite was the source. After 
3 more weeks and 5.54 inches of rain, boron in the foliage grown with Colemanite 
equalled or exceeded that in the foliage grown with borax. Colemanite produced 
no initial injury at either the 15- or 45-pound rates, whereas there was serious 
injury from borax at these rates; however, the final yidd with Colemanite at 
these rates was depressed as much as with borax. Results with 5 pounds of Cole¬ 
manite per acre were excellent, but borax at that rate was not equally effective 
in elimiiuiting symptoms of boron deficiency. Borosilicate caused no toxicity: 
30 pounds per acre eliminated all boron-deficiency symptoms in rutabagas; 
90 pounds produced the best yield and the highest quality roots; 270 poimds 
caused the roots to become elongated and stringy, indicating that the optimum 
level for boron had been exceeded. 
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Entwicklungslehre des Bodens. By Walter L. KuBiferA. Springer-Verlag, Wien. 

1948. Pp. 215, figs. 5, plates 9. Price, paper-bound, $6.60; hard covers, $7.20. 

The author previously published “Micropedology” (Collegiate Press, Ames 
Iowa, 1938) in English. The new book, dealing primarily with pedology, is in 
German. It is divided into four parts: theoretical basis of the science of soil 
evolution, character and basic laws, the systematic science, and the meaning 
of this science in relation to a natural system of soil classification. The system 
of soil classification is illustrated as an evolutionary tree, the two main brancheg 
of which represent underwater and semiland soils, and land soils. Eight smallei 
branches represent the soil classes, and still smaller branches the pedologic 
types. The book’s apendix contains a glossary of pedologic terms, a list of 6C 
references, and nine plates, showing photographs of thin sections of soil undei 
the microscope. The book should be of considerable interest to anyone con¬ 
cerned with soil classification. 

Harvey P. Newton. 

Advances in Agronomy. Volume 1. Edited by A. G. Norman. Academic Press. 

Inc., New York, 1949. Pp. 439. Price $7.50. 

This is the first of a series of annual reviews that are being published undei 
the auspices of the American Society of Agronomy. This volume contains 1C 
papers prepared by 13 men who are especially well qualified to write on the 
subjects assigned to them. The papers deal with saline soils, new fertilizers, 
soybeans, clay minerals, alfalfa, soil microorganisms and plant roots, weed 
control, boron in soils and crops, potatoes, and phosphorus fixation. The centra] 
theme has been set at soil-plant relationships, which is the essence of agronomy. 
Judged by the first volume, this series is destined to fill an important need oJ 
agronomists. The successive volumes are certain to have a wide reading. The 
editor and his advisory board are to be congratulated on having made such 
a good start in this series of reviews. 

Farm Structures. By H. J, Barre and L. L. Sammet, John Wiley & Sons Co.. 

Inc., New York, 1950. Pp. 650. Price $7. 

The first of a series of text books on agricultural engineering sponsored by the 
Ferguson Foundation of Detroit, this book covers one of the six basic areas intc 
which the field of agricultural engineering is divided by these authors; namely, 
farm structures, field power, field machinery, processing of farm products, 
farmstead power and equipment, and soil and water conservation. Its 29 chapten 
deal with materials, moisture, air, and temperature relationships, buildings foi 
dairying, poultry, and crop storage, farm houses, costs, economic and eflSlcienc;^ 
aspects, stresses, beams, connections, and miscellaneous problems. The texi 
is well illustrated. A list of references and a set of problems are appended tc 
each chapter except the introductory one. The appendix contains a large numbei 
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of very useful data for calculating requirements and estimating costs. An interest¬ 
ing table on the bearing values of soils is given in the text, and another on the 
time required for excavating earth, in the appendix. The book is well written 
and should prove to be a very useful teaching aid. 

Forage Crops. By Gilbert H. Ahlgren. McGraw-Hill Book Company, Inc., 

New York, 1949. Pp. 418, figs. 99. Price $5. 

This book is of special importance in that it deals with crop plants that are 
entitled to much more consideration in the classroom than has been given them. 
The author has endeavored to bring all the more important forage plants of the 
temperate zone together under one cover and to consider each of them in relation 
to the others in the fanning program. Of the 37 chapters, 10 deal with the hay 
and pasture legumes, including kudzu; 8 are concerned with the more common 
grasses, including the cereal hay crops; and the rest are designed to cover seeds, 
seedbed preparation, cultivation, harvesting, silage-making, and related subjects. 
This volume is entitled to a prominent place on the agronomist’s book shelf 
and should be of considerable interest to other persons who have to do with the 
many phases of general agricultural production. 

Introduction to the Theory of Prohahility and Statistics. By Niels Arlet and 

K. Bander Buck. John Wiley & Sons, Inc., New York, 1950. Pp. 236, figs. 

21. Price $4. 

This is one of Wileys’ “Applied Mathematics Series” of books which deal with 
the theories that underlie the physical and biological sciences and with the 
mathematical techniques that are needed for solving problems in these sciences. 
The original book appeared in Danish in 1946, and this is the first English edition. 
The first three chapters have to do with elementary principles. The remainder 
of the book considers random variables, mean values and dispersion, normal 
distribution, limit theorems, practical importance of theory of probability and 
its application to statistics, theory of errors, and theory of adjustment. The 
appendix contains a discussion of factorial n and the matrix theory, five tables 
of distribution, a set of 90 problems, and three pages of references. The book 
assumes a knowledge of calculus and of linear equations, and is of considerable 
importance to those who have the necessary mathematical background. 

Isotopes. United States Atomic Energy Commission. U. S. Government Printing 

Ojfice, 1949. Pp. 201. Price, paper cover, $0.45. 

Primarily a 3-year summary of the distribution of radioisotopes, this brochure 
also deals with the production of isotopes, their use in the United States and 
abroad, training in isotope techniques, and the future of the program. The 
appendix gives statistical information on the growth of the program, an outline 
of the procedure for obtaining isotopes, a list of those available for use, and a 
bibliography of papers published or in preparation by some 2,000 workers in 
this field of research. The bibliography is presented under the headings medicine, 
animal physiology, bacteriology, plant physiology, physics, chemistry, industrial 
research, and general. 
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Selenium. By Sam F. Tbbleasb and ObviIiLB A. Bbath. Published by the 

authors, Columbia University, New York, Pp. 292. Price $5.50. 

Selenium poisoning is a serious menace to livestock in the vast grazing areas 
of our western states. This book deals with the problem in detail. The first 
chapter has to do with the history of the selenium problem, and the remaining 
seven chapters cover the distribution of selenium in rocks and soils, its accu¬ 
mulation in plants, its poisonous effects on animals, its relation to public health, 
prevention and control of selenium poisoning, and chemistry of the element. 
The bibliography contains more than 300 references. This is a highly important 
book that merits study not only by those who are concerned with livestock pro¬ 
duction in the affected area but by those who are dealing with the somewhat 
similar problem of molybdenum poisoning. It is conceivable that molybdenum 
is an additional contributing factor to the troubles in that region. The book 
should also be of much interest to those who are concerned with minor elements 
and problems related thereto. 

Sodalieed Agriculture of the USSR. By Naum Jasnt. Stanford University Press, 

California, 1949. Pp. 837. Price $7.50. 

The author of this book lived in Russia until after the Bolshevik Revolution, 
was an associate member of the Supreme Food Council and one of the advisers 
of the Supreme Economic Council under the Kerensky regime, and later served 
as a grain expert in trade representations in Germany. He dedicates the book 
“to those in Soviet Russia—^far away and yet so near—^who believe in science, 
unadorned and unadulterated science; statistics, simply factual statistics; plain 
truth, untarnished and unvarnished.” One need read only a few pages to become 
aware that agricultural conditions in Russia are so foreign to our ideas and ideals 
as to greatly emphasize the relatively high income and opportunity of American 
fanners. The author discusses socialized fanning in all its details and shows 
clearly that the peasant is merely a slave of the state. Neither the mineral nor 
the agricultural resources of Russia are large in proportion to the more than 
170 million people in that country, and there is a little evidence that collectiviza¬ 
tion in agriculture has produced either “abundantly or cheaply.” The author 
had considerable difficulty in separating fact from fancy, but he has succeeded 
in piecing together what would appear to be a dependable account of U.S.S.R. 
accomplishments. The four full-page figures of the principal political divisions, 
natural divisions, average annual precipitation, and soils of the U.S.S.R. are of 
special interest. The book fills a very important need. 

Soil Science Society of America Proceedings, '1948. L. G. Monthbt Secretary- 

Treasurer, Madison, Wisconsin, Pp. 687. Price $7.50. 

This is volume 13 of these Proceedings and contains more than 100 papers 
that were presented at the annual meeting of the Society atFortCollins, Colorado, 
August 24 to 27, 1948. These papers were given under six sections entitled 
“Soil Physics,” “Soil Chemistry,” “Boil Microbiology,” “Soil Fertility,” “Soil 
Genesis, Morphology and Cartography,” and “Soil Technology.” In addition. 
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there were two general papers, one by T. M. Bushndl on “Japan’s Dilemma,” 
and the other by B. J. Birdsah on “Technical Collaboration in Agriculture in 
the Western Hemisphere.” The appendix contains the minutes of the meeting 
and reports of committees on chemical analyses, terminology, policy, roadside 
soil-type markers, and physical analyses. Also appended are a report of represen¬ 
tatives of the Society on the Division of Biology and Agriculture of the National 
Besearch Council and a statement offering suggestions on the preparation of 
slides and use of projection equipment. Every soil scientist will want a copy of 
this volume close at hand for ready reference. 


The EDn?oBS. 



BIOLOGICAL OXIDATION OF MANGANESE IN SOILS 
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Development of ^'gray speck’’ in oats and “marsh-spot” in peas is due tc 
manganese deficiency and can be cured by applying manganous sulfate to the 
soil. The initial transformation of the manganous ion in soils of pH 5.8-8.9 is its 
oxidation (3, 4). Various workers (1, 2, 3, 6, 7) have shown that oxidation of 
manganese in soils can be brought about by biological agencies. 

An investigation of the microorganisms responsible for this oxidation and of 
the nature of the process by which the microorganisms oxidize the manganese 
is described in this paper. 

ISOLATION OF SOIL MICROORGANISMS CAPABLE OF OXIDIZING MANGANESE 

Gerretsen (2) demonstrated the biological oxidation of manganese in soils by 
mixing 30 gm. of soil with 25 ml. of water and 100 ml. of 2 per cent agar al 
40°C. in a petri dish 11 cm. in diameter. When the mass was solid, a hole 2.5 
cm. in diameter was cut from the center, and agar containing 1 per cent MnSOd. 
usually mixed with sand, was poured into the gap. The dish was then incubated 
at 25®C. and the development of brown deposits of manganese oxide observed 
during the following days. 

Leeper and Swaby (3) modified Gerretsen’s method by reducing the quantities: 
of soil and agar and incubating at 27°C. Their directions were followed for the 
preparation of enrichment plates for the isolation of manganese-oxidizing micro¬ 
organisms (fig. 1). The plates were incubated at 22®C. 

Enrichment plates were prepared with deficient soils that could not bo per¬ 
manently cured by addition of manganous sulfate. It was thought that if specufic 
manganese-oxidizing organisms were responsible they would be in these soils 
Of the soils used for enrichment plates, only the Penola and University (3) wert 
used for isolations, as the development of the oxide deposits in the other soil" 
was poor. 


Media used for isolation 

Of the media that have been used for isolation purposes by ot>her workers 
those of Gerretsen (2) and of Beijerinck (1) were employed in the investigation 

Ge7relsen\i fiiedium —calcium citrate, 2 per cent; MnS 04 * 4 rH.! 0 , 0.5 per cent; (Nir 4 ) 2 S 04 
0.2 per cent; NH 4 MgP 04 , 0.001 per cent; agar, 2 per cent; tap water; adjusted to pH ().( 
and autoclaved at 15 pounds for 20 minutes. 

Beijei'inck^s medium — MnCOs, 1.0 per cent; K.>HP04,0.05 per cent; NHiCl, 0.05 per cent 
agar, 2.0 per cent; tap water; autoclaved at 15 pounds for 20 minutes; pH 7.0. 

^ The authors wish to thank Associate Professor Ethel McLennan for her assistance ir 
identifying the fungi. 
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Since investigation indicated that neither of these media was satisfactory, the 
following medium was developed and subsequently employed for most of the 
work: 

Soil-manganese agar —sterile soil, 100 gni.; tap water, 400 ml.; agM-r, S gm.; MiiS0r4I[20, 
0.025 gm. 

The soil, a moist sandy loam of pll 6.8, was autoclaved in a glass jar with a screw top for 
7 consecutive days at 15 pounds for 20 minutes. The water, agar, and maiig.'Mious sulfa.te 
were then added and melted, and the medium was tubed and reautoclaved ready for use. 

Isolation on Gerretsen^s medium 

Brown-black specks in the deposits of manganese oxide in the enrichment 
plates were picked out and emulsified in sterile tap water and then plated by the 
dilution streak technique on Gerretsen's solid medium and incubated at 22°C. 
After 4 days, brown colonies developed on the plate, and the agar turned light 
brown where there were large numbers of colonies (fig. 2). The brown colonies on 
these plates were selected on the basis of macroscopical differences and replated 
on fresh medium to obtain pure cultures. Among those obtained which could 
cause the oxidation of manganous sulfate in this medium were organisms belong¬ 
ing to the genera Bacillus, Corynehacterium, Aej^obacter, Pseudomonas, and 
Proteus. 

So far as can be ascei'tained, Gerretsen made no attempt to reproduce the 
oxide rings with organisms isolated on his medium. To determine, theiefore, 
whether these organisms were responsible for the production of the oxide rings 
in the original soil plates, washed suspensions were inoculated into sterile soil 
agar (fig. 1). The sterile soil used was at pH 6.8, as Gerretsen and Leeper and 
Swaby found that biological oxidation was greatest at pH values near 7. The 
soil was sterilized by autoclaving at 15 pounds for 20 minutes on 7 consecutive 
days. The sterile soil was mixed Avith water and agar to give a soil suspension in 
2 per cent agar and reautoclaved. Pure cultures of isolates on Gerretsen’s medium 
Avere groAAm on meat infusion agar slopes and Avhen there Avas abundant growth 
(24 houi*s at 22®C.) the cultures Avere emulsified in sterile tap water and centri¬ 
fuged, the supernatant Avas poured off, and the bacteria Avere resuspended in 
sterile tap Avater (4 to 5 ml.). Sterile soil agam (20 ml.) at 40°C. Avere inoculated 
AAuth these suspensions, and Avhen solid, a central core of manganous sulfate agar 
Avas inserted into each plate. The sterile soil agar Avas inoculated with pure and 
mixed suspensions of Bacillus sp.. Pseudomonas sp., Corynehacterium sp. Addi¬ 
tional plates were prepared with sterile soil agar containing 0.001 per cent calcium 
citrate to see Avhether the deposition of oxide by these organisms Avas accelerated 
by the presence of citrate. The plates were incubated at 22°C. 

No oxide rings appeared in any of the plates. In the presence of citrate, how¬ 
ever, a positive reaction of manganic oxide was obtained with the benzidine 
reagent (1 per cent benzidine hydrochloride m2 N acetic acid) in plates inocu- 

Fig. 1. University Soil Agar Plates pH 6.8 (above) and 7 (below) After 
Incubation with MnS04 Agar in Central Plug 

Note ring deposit of manganese oxide. 
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lated with organisms, the blue color extending into the central agar core. All the 
soil agar plates and the control citrate soil agar yielded negative tests. 

As a matter of interest an attempt was made to demonstrate the oxidation of 
manganese by these organisms in the presence of a citrate-producing mold, 
Aspergillus niger. 

One series of sterile soil agar plates was inoculated with spores of ^1. niger and 
one series with A. nigei and a washed suspension of a Corynebacterium that 



Fig. 2. Gerretsen’s Medium Inoculated with Brown Ring Material and 
Flooded with Benzidine Hydrochloride After 7 Days at 22°C. 

Note staining of colonies and also of the surrounding medium. 

brought about active oxidation on Gerretsen’s medium. The plates were in¬ 
cubated at 22°C. for 18 days and tested for oxidized manganese with the benzidine 
reagent. A positive reaction was recorded only with the association. 

Sohngen (8) found that oxidation of manganese was promoted by the presence 
of hydroxyacids. Jones^ has shown that the rate of nonbiological oxidation of 

* Jones, L. H. P. The oxides of manganese and their relation to the availability of man¬ 
ganese to plants in soils. 1949. [Unpublished Ph.D. thesis. Copy on file Univ. Melbourne.] 
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manganese in the presence of citrate increased with increase of pH. This sug¬ 
gested that the oxidation of the manganese on Gerretsen's medium was initiated 
by a rise in pH in the presence of citrate. The following experiment was therefore 
conducted to see whether the organisms which turned brown on Geri-etsen’s 
medium could I'aise the pH of the medium. 

Sterile liquid Gerretsen’s medium was prepared and the pH adjusted to 5.8. 
This pH was used to reduce nonbiological oxidation in the controls and also to 
determine whether the bacteria could grow at this pH. Leeper and Swaby (3) 
found that the lowest pH of soil which still formed deposits of manganese oxide 
was 5.8. 

The medium was tubed in 15-ml. amounts in 6- by f-inch tubes, autoclaved, 
and inoculated with species of the following organisms: Corynebacterium, Pseu¬ 
domonas, Aerobacter, Bacillus, and Proteus. After 12 days at 22°C., the pH 
values of the cultures were determined with a glass electrode and the tubes 
tested for oxidized manganese. Results are shown in table 1. 

TABLE 1 

pH of cultures of orcjauisms in liquid Gerretsen^s medium after 12 days at 


pH Mn+ TEST—BK NZIOmE 


Corynebacierium . 7.60 Blue ring and blue sediment 

Pseudomonas 1. 7.75 Blue ring and blue sediment. 

Proteus . 7.60 Blue ring only 

Pseudomonas II. 7.62 Blue ring only 

Aerobacter aerogenes . 7.60 Blue ring only 

Bacillus . 6,00 Solution turns groen-yollow- 

orange 

Control. Solution turns pale blue, fades 


Oxidized manganese was detected in all the tubes including the c.ontrols. In 
tubes inoc^ulated with the organisms (except Bacillus sp.), a ring which stained 
blue with benzidine hydrochloride was formed. The ring is probably due to 
oxidized manganese on the bacterial cells which tend to grow near the liquid-air 
interface. Growth of the Bacillus sp. was veiy poor. 

From the pH determinations it appears that the more rapid oxidation (iould 
be due to an increase in pH (1.8 units) produced by the bacteria. On an agar 
plate, aeration is optimal for oxidation, and the pH in and around the colony 
could quite conceivably be higher than that recorded in the liquid medium and 
the effect of both these could result in the deposition of oxide in the colony. 

An additional suggestion for increased oxidation in Gerretsen's medium in the 
presence of organisms is that they produce some organic compound from cjitrate 
which is more efficient than citrate in causing oxidization of manganese. 

Gerretsen’s medium selects organisms that favor in somci way, such as by 
increasing pH, the nonbiological oxidation of manganese in the presence of 
hydroxyacids and does not select, as thought by Gerretsen and by MacLachlan 
(5), organisms that are responsible for formation of the oxide ring in the soil. 
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Studies made on the biological oxidation of Mn and its relationship to Mn 
deficiency in oats, in which the observations were based on counts of manganese 
oxidizers obtained by use of this medium, are therefore misleading. 

Isolation on Beijeriiick^s medium 

The same technique for isolation was used on Bcijoi‘inck\s medium as on 
Gerretsen’s medium, but no brown colonies appeared during 14 days’ incubation. 
Beijerinck’s enrichment method (1), in which the manganous carbonate agar 
plates are sprinkled with soil and incubated at 22®C., was then used. After 14 
days, a few light brown zones of manganese oxide appeared. It was found that 
freshly prepared and washed manganous carbonate was unstable when moist, 
and oxidized manganese could be detected after 12 hours with benzidine hydro¬ 
chloride. Further attempts to isolate on Beijerinck’s agar medium were dis¬ 
continued. 

Isolates from Gerretsen’s medium could not oxidize the manganese in 
Beijerinck’s medium. Beijerinck demonstrated the oxidation of manganous 
carbonate by dusting filter paper with manganous carbonate and wotting it with 
a sterile solution of 0.1 per cent ammonium chloride and 0.1 per cent potassium 
phosphate in tap water. The filter paper was then sprinkled with soil and in¬ 
cubated in a petri dish at 22°C. This experiment was modified by replacing the 
manganous carbonate with a 0.05 per cent solution of manganous sulfate at pH 
6.8. Filter papers wetted with this second solution were inoculated with soil and 
brown ring material. No manganese oxide developed on the filter paper during 
25 days. 


Experiments with soil manganese agar 

As Beijerinck’s medium was undesirable, an attempt was made to prepare a 
medium in which the manganous ion was stable but could be specifically oxidized 
by the manganese-oxidizing organisms from the soil. 

Moist sandy loam at pH 6.8 was autoclaved at 15 pounds for 20 minutes on 7 
consecutive days. A 5 per cent suspension of sterile soil in tap water was pre¬ 
pared, and after the sand fraction had settled, the supcrnal.ant was made up 
with agar to give a 2 per cent soil agar. This was tubed and aut^oclaved at 15 
pounds for 20 minutes. 

Plates of sterile soil agar with a central manganous sulfate agar plug were 
prepared and inoculated with an emulsion of the material from the brown ring 
deposits described above. To avoid toxic concentrations of manganous ion (3) 
in the soil agar and to dilute the inoculum, the inoculum was plated radially 
from the center of the plate and continuously around the plug. These plates and 
uninoculated plates were incubated at 22°C. for 10 days. A small number of 
dark brown colonies appeared on the inoculated plates, and these colonies gave 
positive tests for manganese oxide with benzidine hydrochloride; the uninocu¬ 
lated plate gave negative tests. 

As the method for preparing the plates described above was tedious, a soil 
manganese agar was prepared containing various amounts of manganous sulfate 
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and inoculated with the brown colonies from the above plates. For the soil used, 
concentrations of MnS 04 *41120 in the medium above 0.25 per cent prevented 
oxidation but not growth during 3 weeks. The concentration of MnS 04 *41120 
adopted for the soil manganese agar was 0.005 per cent by weight of medium. 
The brown growth from the initial plates was plated on this soil Mn agar in an 
attempt to isolate pure cultures of the oxidizing organisms. After 3 days at 
22°C., brown colonies, which were fairly well isolated, were picked off and re- 



Fig. 3. Soil-Mangankse Agau Medium Inogulated with Brown Orowtii 
Isolated from Oxidia Deposit 

Note brown colonies in primary inoculation zone and white colonies in dilution zone. 

plated. Brown colonies developed where the plate was first streaked, but in the 
dilution zone single colonies were never brown (fig. 3). Sometimes where two 
colonies were close together or where one was surrounded by another, one colony 
was uniformly dark brown or had a brown ring around its margin. These lirown 
colonies turn dark blue with benzidine hydrochloride. Single colonies with 
different macroscopical characters were picked off these plates and plated on 
soil manganese agar. None of these turned brown during 10 days at 22°0. "lliese 
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observations led to the belief that oxidation of the manganese may be due to an 
association of two or more organisms. 

Pure cultures isolated from the soil manganese agar were therefore mixed in 
pairs on the soil manganese agar to see whether oxidation would occur. Certain 
pairs of organisms produced brown growth after 3 to 4 days. This growth stained 
blue with benzidine hydrochloride. 

The organisms in these pairs belong to the genera Coryncbactenum, Flavo- 
bacterium (two strains), and Chromohacterium (two strains). The Con'yyiebacterium 
was common to all pairs. The oxidizing pairs also oxidized the manganese on a 
soil water extract manganese agar. 

This medium was prepared by shaking a 5 per cent suspension of sterile soil 
and water for 30 minutes, allowing it to settle for 24 hours, and then syphoning 
off the supernatant. The supernatant was then clarified through a No. C Ekwip 
filter pad. The pH wgis adjusted to about 6.5 and then 0.005 per cent by weight 
of manganous sulfate and 2 per cent agar were added. The solution was then 
autoclaved at 15 pounds for 20 minutes. 

No oxidation took place on three chemically defined media of the following 
composition, in the preparation of which use of sugars and of hydroxy acids, 
such as citrates and tartrates, was avoided: 


per cent 

1. MriS04-4H20.0.005 

NH 4 NO 3 .0.5 

K 2 HPO 4 .0.001 

Agar.2 

Tap water 
pH 6.5 

3. Sodium glycerophosphate.0.5 

MnS04-4H20.0.005 

NH 4 NO 3 .0.5 

Agar.2 

Tap water 
pH 6.5 


per cent 

2. Peptone.0.01 

MnS 04 - 4 Hs 0 .0.005 

K 2 HPO 4 .0.001 

Agar.2 

Tap water 
pH 6.5 


Reproduction of oxide ring with paired organisms 

An attempt to reform the ring deposit of oxide in sterile soil at pM (>.8 with 
the oxidizing pairs was made by the method described earlier. After 3 days, 
ring deposits occurred in all plates. A mixture of the Corynebacteritm and one of 
the Chromohacterium strains gave the best deposit (fig. 4). The similarity between 
the natural deposit (fig. 1) and artificially produced rings leaves little doubt that 
these organisms are responsible for the oxidation of manganese in the plates of 
University soil at pH 6.8. 


Oxidation of manganese by fungi 

An attempt was made to isolate manganese-oxidizing organisms by directly 
depositing small lumps from soil on the surface of the soil water extract agar and 
the three chemically defined media. Brown manganic oxide stains appeared in 
the media imder the lumps, and when this stained material was plated on all 
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four media, oxidation was noticed only on the soil water extract medium. This 
oxidation appeared to be due largely to fungi, as the stains consisted of a large 
number of brown macroscopic spherites and thick brown hyphae. From these 
brown stain areas, three fungi were isolated which could oxidize manganese in 
the soil water extract Mn agar when they were in pure cultures. They belonged 
to the genera Cladosporium, Trtngschemia (an Ascomycete), and Pleospora 
Rabb. 



Fia. 4. Sterile Soil Agar Inoculated with Corynebacterkm and 
Chromohaclerium After Incubation with MnSO^ Agar 
IN Central Plug 

Note ring deposit of manganese oxide; compare with figure 1. 

With Cladosporium sp., oxidation occurs almost all over the colony, as it 
spreads slowly. The oxide is deposited in the form of a sheath around the hyphae. 
At the tips of the hyphae small irregularly arranged masses of oxide are de¬ 
posited. 

With Tringsehemia sp., oxidation occurs only in the area around the point of 
inoculation. The fungus is a rapid spreader. The oxide is deposited to form a 
sheath along some hyphae and is also deposited in small masses a sliort dist^ance 
from the hyphae. 
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With Pleospora Rabb., there is a large area of oxidation but it does not extend 
to the outer zone of the colony. The oxide is arranged irregularly along the 
hyphae as small spherical masses, many of which are at some distance from the 
hyphae. 

It is suggested that these and probably other fungi may bo responsible^ for the 
formation of the brown-black spot deposits of oxide in the acid soils (fig. 5). 



Fig. 5. University Soil Agar Plate at pH 5.S 
Note black spots of manganese oxide at random on the reverse side of the dish. 

OBSERVATIONS ON ASSOCLATIVE ACTION OP OXIDIZING BACTERIA 

Behavior of the organisms on Gerretsen^s mediim 

The five species concerned in the associative oxidation of manganese were 
inoculated on Gerretsen’s manganese citrate medium and incubated at 22°C. 
Rapid oxidation was produced by the Corynebacterium but none by the chromo- 
genic gram-negative rods. This finding suggested the possibility that other 
organisms oxidizing manganese on Gerretsen’s medium might replace the Coryne¬ 
bacterium in the mixtures. This, however, was not the case. 
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pH changes 

Measurements were made of pH changes in various parts of the agar following 
the oxidation of manganese by organisms in the unsterilized soil agar. The results, 
shown diagrammatically in figure 6, indicate that in the zone of oxidation the 
pH had fallen 0.34 of a unit. 

Determinations of pH were also made on sterile University soil manganese 
agar plates inoculated with washed suspensions of Corynebacierium and Chromo- 
bacterium. The uninoculated plates remained at pH 6.80 after 9 days at 22®C., 
but the inoculated plates had risen to pH 8.12, an increase of 1.32 units. 

It is considered that the manganese-oxidizing organisms tend to cause a pH 
rise in the soil during their metabolism and that the pH determination of the 
various zones in the unsterilized University soil plate gives the pH resulting from 
the combined activities of the whole soil flora. 

Obviously, the oxidation of manganese brought about by the pairs is not due 
simply to a pH effect. It seems apparent that some metabolic by-product of one 



pH 6.7ij. 
pH 6,i|.0 
pH 6.01 


Fig. 6. pH Values of Zones in a Soil Plate AirrER 9 Days at 2‘2°C. 


organism is used })y the other in the oxidation of manganese. Only preliminary 
observations of an inconclusive nature have been made on this aspect, and they 
seem to indicate the probability that the Chromohacterinni produccjs a h(‘ai.- 
labile or volatile substance which is used by the Corynebacierium in the oxidation 
of the manganese. 

SUMMARY 

Organisms of the type isolated by Gerretsen were isolated on his medium Inii. 
were found to be incapable of reproducing the phenomenon for which he cion- 
sidemd them responsible, namely, the oxidation of manganese in unsterilized 
soil. The oxidation observed on a citrate medium is apparently duo to a non- 
biological oxidation of the manganese in the presence of oxyacids at higli pH 
values; the organisms need only render the medium alkaline to achieve this. 

By use of a soil extract agar, it was possible to demonst;rate that oxidation in 
certain soils was due to the associative action between two organisms, one a 
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Corynehacterium and one a pigmented member of the genus Chromohacterium or 
Flavobdcterium. The oxidation is not a simple pH effect. 

Certain fungi of the genera Clcdosporium, Trirgschemia, and Pleospora were 
found which readily oxidized manganese and are probably important in acid 
soils. 

The existence of the associative action between two organisms makes it 
practically impossible to assess the numbers of manganese-oxidizing organisms 
in the soil. The finding that organisms isolated on Gerretsen medium were unable 
to oxidize manganese in sterilized soil casts doubt on the significance of previous 
reports on counts of manganese oxidizers. 
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It has been known for naany years that some soils fix zinc in a form not readily 
available to plants. This has necessitated use of zinc sprays in correcting de¬ 
ficiencies of this element in soils. 

Chandler, Hoagland, and Hibbard (2) found, when they mixed soil with a 
known amount of zinc sulfate and subsequently filtered and analyzed the filtrate 
for zinc, that the fixing power ranged from 170 to more than 1,000 ppm. for the 
several soil samples being studied. This zinc retained by the soil should be, in 
part at least, available to plants, since it represents exchangeable and adsorbed, 
as well as fixed, forms of zinc. It could also include any zinc precipitated as an 
insoluble compound at the particular pH of the soil solution. 

Peech (9) in stud 3 n[ng the availability of ions in sandy soils found that zinc 
applied to soil could virtually all be extracted with N NaCl solution at a pH of 
3.0. As the pH of the soil was increased, the amount of zinc extractable dimin¬ 
ished; practically all the zinc was fixed at pH 8.0. His findings also reveal that 
when 300 pounds of zinc per acre was applied to Norfolk fine sand at a pH of 
6.0, approximately 150 pounds (0.23 me. per 100 gm.) was fixed. 

More recently, Elgabaly and Jenny (4), in studying the exchange mechanism 
of zinc montmorillonite clays, found that most of the zinc was replaced with 
neutral normal ammonium acetate solution but a few milliequivalents per 100 
gm, of clay were irreversibly fixed. Hydrochloric acid at four times symmetry 
only replaced some 70 per cent of the zinc, exchangeable with ammonium acetate, 
from a zinc montmorillonite. 

Further investigations of Elgabaly, Jenny, and Overstreet (3) showed that 
barley roots could readily utilize zinc ions adsorbed on clay particles. 

When zinc salts are applied to soils as fertilizer, it would seem that at least a, 
considerable portion should be available to plants. This, however, is apparently 
not always true in practice. 

The present paper is concerned with adsorption, exchange, and fixation of 
zinc by Aiken clay loam. This soil has been reported to contain essentially 
kaolinitic clay minerals (7). 

SORPTION OF ZINC BY SOIL TYI>BS 

Air-dry samples of soil, usually 10 gm., were shaken on a mechanical shaker 
with 100 ml. of approximately 0.01 M ZnS 04 solution. At definite time intervals, 
duplicate samples were removed from the shaker and filtered. The filtrates so 
obtained were analyzed for zinc by the ferrocyanide titration method (8). The 
decrease in zinc content of the zinc sulfate solution after being in contact with 
the soil was taken as the amount fixed or adsorbed by the soil. 
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The results expressed as milliequivalents of zinc sorbed per 100 gm. of soil are 
shown in figure 1. The equivalent weight of zinc is taken as 32.69. Aiken appears 
to be markedly different from the other soils. Vina loam and Hanford very fine 
sandy loam show a slight tendency toward a sorption curve similar to Aiken; 
Yolo silt loam and Corning gravelly loam show less tendency to be similar to 
Aiken. 



It has been fairly well established that exchange reactions are very rapid, 
equilibrium being reached in a matter of seconds. Thus, a curve such as that 
obtained with Aiken clay loam suggests the possibility that factors other than 
simple exchange are involved in the sorption of zinc by this soil. 

The differences in amounts of zinc retained by the various soils are to be 
expected. The exchange capacities vary so that Vina loam with the highest 
exchange capacity (29 me.) retains the most zinc. The organic matter content 
and the pH of the soil will both affect the sorption of zinc. Jamison (5) found 
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that zinc was more soluble at the lower pH values, especially below 5.0. The 
Yolo and Hanford soils are approximately neutral in reaction, whereas Vina has 
a pH of 6.6, Coming 5.9, and Aiken 5.3. Then, too, some cations are more readily 
replaced by zinc than others; consequently the cations present in the soil will 
affect the sorption of zinc. 

To determine relative effect of various cations on the sorption of zinc, Na- 
Ca-, H-, and K- homionic Aiken soils were prepared by leaching with solutions 
of the appropriate chlorides, and Mg- soil was prepared by leaching with the 
sulfate. Excess salts were removed with 95 per cent ethyl alcohol, and finally the 
soils were dried. Ten-gram samples were shaken for 24 hours with 0.01 M ZnS 04 
solution, and zinc was determined in the filtered extract. It was found that Na-, 
Oar, K-, Mg-, and H-Aiken soils sorbed 8.44, 7.56, 7.45, 6.98, and 3.76 me. of 
zinc per 100 gm. of air-dry soil, respectively. 



Pig. 2. Sorption op Calcium, Magnesium, and Zinc by Aiken Olay Loam 

At least two questions presented themselves concerning the zinc sorption 
curve for Aiken clay loam: 

1. Is zinc different from other divalent cations such as Ca"*^ and Mg++? 

2. Aiken clay loam is very well aggregated and, thus, does not disperse readily. Is it pos¬ 
sible that, as shatog continued, dispersion became more complete and hence more surface 
area ex^ed? This might then provide a greater number of exchange positions and account 
for the increasing sorption of zinc. 

To attempt to answer the first question, Aiken clay loam was sTiglfftT) -(yith 
0.01 M CaSOi 0.01 M MgSO,. As in the case of zinc sulfate, lO-gm. gflimplAff 
■vrere shaken with 100 ml. of solution. The results for calcium, magnesium, and 
zinc are shown in figure 2. It will be noted that the amounts of calcium and 
magnesium retained by the soil are much less than for zinc. This is partly due to 
the fact that the soil already contained 4.2 me. of exchangeable calcium and 
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1.4 me. of exchangeable magnesium. The point of interest, however, seems to be 
the shape of the curves for calcium and magnesium, which are somewhat different 
from the zinc curve. In other words, zinc apparently does not behave in the same 
way as the more common divalent cations. 

To answer the second question above, three experiments were performed. 

First, a quantity of Aiken soil was groimd in a ball mill for 72 hours in the air- 
dry condition. Ten gram samples of this groimd soil were then shaken with 0.01 
M ZnSOi solution as usual. The results are presented in figure 3 together with the 
curve from figure 1 for Aiken. The sorption curve for the groimd soil is parallel 
to that for the unground Aiken, but the amoimt of zinc sorbed increased as a 
result of grinding. This increase is to be expected, since it has been shown that 
grinding commonly increases the exchange capacity of kaolinitic materials. 
Grinding would tend to break down not only the aggregates but also the platelets 
of the clay minerals. If grinding is assumed to have increased the surface area as 
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\ No. ofhour^f on shaker 
Fig. 3. Sorption op Zinc by Groxind and Unground Aikbn Clay Loam 


evidenced by the greater sorption of zinc, equilibrium has not been established 
during the early hours of shaking, which is the important point. 

In a second experiment, 10-gm. samples of unground Aiken soil were moistened 
with distilled water and allowed to stand 48 hours in stoppered flasks before 
addition of the 0.01 M ZnS 04 solution and shaking. 

A third experiment consisted of two series run simultaneously. In the one 
series 10-gm. samples of unground Aiken soil were shaken with 99 ml. of distilled 
water plus 1 nal, of M ZnS 04 solution. In the second series the 10-gm. samples of 
unground soil were shaken with 99 ml. of distilled water for 48 hours, after 
which 1 ml. of M. ZnS 04 solution was added to each and shaking continued. The 
shaking times and the results of the zinc determinations from experiments 2 and 
3 are shown in figure 4. 

From figure 4 it is apparent that premoistening and shaking in water for 48 
hours prior to addition of ZnS 04 did not significantly alter the trend of the sorp¬ 
tion curve. It seems safe to assume, therefore, that the increase in zinc sorbed 
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especially during the first hours of taking is not due entirely to an increase in 
surface area of the clay particles. However, the more gentle slopes of all the 
curves in figure 1, that is, from 24 hours on, could very well be due to an increas¬ 
ing surface area, since it was observed in all soils that as sbaVing continued 
filtration became slower. It is also worthy of note that even after 6 days of shak¬ 
ing the soils continued to sorb zinc, although only in flTna.11 amounts. 

Organic matter is known to have exchange properties and, so that the effect 
of this fraction of the soil might be eliminated or materially diminished in study¬ 
ing zinc sorption, about 150 gm. of Aiken clay loam were treated with 136 ml. 
of 15 per cent H 2 OS. The whole was evaporated to a fimall volume, taken up in 
95 per cent ethyl alcohol, filtered, and washed with alcohol. Finally, the soil was 



No. of /}ours on shaker 

Fig. 4. Sorption op Zinc bt Aikbn Clat Loau as Appbctbd by Prbmoibtbnino 
AND Agitating in Distilled Water 

1, ZnS04 solution added to premoistened soil; 2, HjO and ZnS 04 solution added at start 
of shaking; 3, HjO added, shaken for 48 hours, ZnS 04 solution added and shaking continued. 

dried and pulverized. Ten-gram samples of this HjOs-treated, soil were shaken 
with 0.01 M ZnSOi solution as usual and the filtrates analyzed for zinc. The 
results are given in i^re 5. 

The sorption curve for the peroxide-treated Aiken does not have the same 
characteristics as the untreated soil shows in figure 1. The peroxide-treated soil 
sorbed 6.7 me. of zinc during the first 0.5 hour of shaking, as compared to 5.1 me. 
for the untreated soil. Also the curve in figure 5 indicates that after 8 hours’ 
Shaking, a m a ximum has apparently been reached. It should also be pointed out 
that the final amoimt of zinc sorbed by the peroxide-treated soil, that is, after 
48 hours, is lower than in the imtreated Aiken. These results are consistent with 
the findings of other investigators. 
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RELEASE OF ZINC FROM 2N-AIKBN CLAY LOAM 

To investigate the ease of replacement of zinc, a Zn-Aiken soil was prepared 
by leaching with 0.2 N zinc acetate solution adjusted to a pH of 6.0 with acetic 
acid. Excess zinc acetate was leached out with 60 per cent ethyl alcohol, and 
finally the soil was dried and pulverized. 

The release of zinc was first studied by equilibrium extracts. Thus, 10-gram, 
samples were shaken with 0.01 M H2SO4, 0.01 M K2SO4, and 0.01 M MgS 04 , 
filtered,^ and the filtrate analyzed for zinc as in the case of the sorption studies. 

The results are shown in figure 6, The curve for the release of zinc with 0.01 
M H2SO4 has a shape similar to that of the sorption curve (fig. 1). Perhaps more 
significant is the fact that the sulfuric acid released more zinc than is represented 
by the exchange capacity as determined with ammonium acetate. Magnesium 



Fig. 5. Sorption of Zinc bt Hs02-Tbbatbd Aikdn Clay Loam 

and potas sium are much less effective in replacing zinc than hydrogen, which is 
to be expected. 

To investigate the total amount of zinc replaceable, the Zn-Aiken was leached 
with several reagents. In these studies 10-gm, samples were usually leached with 
500 or 1,000 ml. of the reagent. In some cases the exchange capacity was deter¬ 
mined subsequently with neutral normal ammonium acetate. The leachate was 
then evaporated to dryness and treated with concentrated HNOa to destroy or- 
gamc matter. After removal of the SiO?, iron, and aluminum by appropriate 
methods, the zinc was titrated with ferrocyanide as previously. The reagents 
used and the miUiquivalents of zinc released are presented in table 1. Exchange 
capacities, where determined, are also given. 

Table 1 liiows that ammonium acetate replaced 12.06 me, of zinc, which is 
only slightly above the exchange capacity as subsequently determined. It should 
be pointed out that the exchange capacity, as determined with ammonium 
acetate, for untreated Aiken was 12.1. According to Elgabaly and Jenny (4) and 
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Bower and Truog (1) the milliequiyalents of zinc released by ammonium acetate 
mi^t be expected to be hi^er than the exchange capacity. However, their 
studies were with montmorillonite, and the results reported herein are on Aiken 
soil, which is kaolinitic. Perhaps kaolinitic material does not adsorb zinc in the 
aama way as montmorillonite. There may also be a small admixture of two or 
more clay minerals in the Aiken soil that have properties xmlike montmorillonite. 
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Fia. 6 . Bdlzasb of Zinc fbom Zn-Aikbn Clat Loam 

Ammonium sulfate, ma^esium acetate, and barium acetate replaced similar 
amounts of zinc, namely 10.41, 10.32, and 10.66 me. respectively. These values 
are all lower than the zinc replaced by ammonium acetate. It was observed that 
all four reagents gave similarly yellow colored leachates; the solubility of organic 
matter did not appear to be very different in these solutions. 

With increasing acidity of the leaching solution, the amount of zinc released 
increased to more than twice the exchange capacity as determined with am¬ 
monium acetate. Elgabaly and Jenny (4) found that only 70 per cent of the 
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adsorbed zinc could be released from montmorillonite with hydrochloric acid at 
4S concentration. As acetic acid gave similar results to sulfuric acid, the anion 
apparently had little, if any, effect on the release of the zinc. 

The main question that arises from the data presented in table 1 seems to be 
concerned with the relatively high value for zinc released by 0.02 N H 2 S 04 and 
5 N acetic acid. 

To ascertain the reproducibility of the results obtained for the release of zinc 
by H 2 SO 4 four 10 -gm. samples of untreated Aiken soil were leached with 500 ml. 
of 0.5 N zinc acetate solution adjusted as previously to pH 6.0. After the excess 
zinc acetate was leached out with 60 per cent ethyl alcohol, the zinc was replaced 
by leaching with 1 liter of 0.02 N KSOi. Zinc was subsequently determined on 
the acid leachates, which revealed that this strength of sulfuric acid had released 
28.63,28.04,27.40, and 27.52 me. of zinc per 100 gm. of air-dry soil. These values 


TABLE 1 

Release of zinc from Zn~Aiken by various reagents and the subsequent exchange 
capacities with ammonium acetate 


JtEAOENT 

Zn RELEASED PER 100 
QM. AIR-DRY SOIL 

EXCHANGE* CAPACITY 
WITH AHUONItTM 
ACETATE 

500 ml. ]V neutral ammonium acetate. 

me. 

12.06 

me. 

11.7 

500 ml. N neutral magnesium acetate. 

10.32 

12.2 

500 ml. N neutral ammonium sulfate. 

10.41 

500 ml. AT neutral barium acetate. 

10.66 

10 .lt 

12.8 

6 liters 0.0005 N H2SO4. 

16.93 

1 liter 0.02 AT H2SO4. i 

24.09 

12.4 

1 liter 5 AT acetic acid. 

24.86 





* Exchange capacities determined by J. M. Bible, Senior Laboratory Technician, 
University of California. 

t As determined by replacing the Ba with HCl and precipitating as BaSOi. 


are all higher than the 24.09 me. reported in table 1, but they are of the same 
order of magnitude. 

There are at least three possible explanations for the high values obtained 
with the 0.02 N H2SO4 and 5 N acetic acid: 

First, it has been suggested (4) that zinc may be adsorbed as a divalent Zn++ ion or as 
univalent ions such as (ZnOH)+ or (ZnCl)+. If this is the case, then there is a possibility 
that neutral normal salt solutions released only divalent zinc, whereas the sulfuric and ace¬ 
tic acids could also release the univalent ions. 

A second hypothesis concerns an organic matter relationship. It was observed that the 
leachates from 0.02 JNT H 2 SO 4 as well as those from 6 JV acetic acid were more highly colored 
than those from any of the other reagents. This has not been explored to the fullest extent, 
but in view of the fact that only a small quantity of organic matter may produce a highly 
colored extract, it seems improbable that a value of 12 me. could be attributed to this or¬ 
ganic fraction. Since organic matter in soils supposedly possesses exchange properties, then, 
certainly zinc adsorbed by this fraction should be at least in part exchangeable with neu- 
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tral salt solutions. Jones, Gall, and Barnette (6) found that addition of 1 per cent peat to 
Norfolk sand increased both the amount of zinc fixed by the soil and the replaceable zinc. 
Further doubt on the organic matter mechanism comes from the fact that 0.02 N H 2 SO 4 re¬ 
leased some 21.4 me. from a Zn-Aiken after being treated with H 2 O 2 . 

A third hypothesis is that perhaps a portion of the zinc was precipitated as Zn(OH )2 or 
other inorganic zinc compound or as a zinc organic compound which was not subsequently 
leached out with 60 per cent alcohol or extracted with neutral normal salt solutions. 

There are, however, valid reasons for doubting the completeness of this third 
explanation. Zinc precipitated as Zn(OH )2 or ZnCOs should be somewhat 
soluble in ammonium salt solutions, especially where a leaching technique is 
employed. Exchange data in table 1 do not suggest any increase over the ex¬ 
change capacity when Zn-Aiken was leached with either (NH 4 ) 2 S 04 or ammonium 
acetate. If the basic carbonate 2 ZnC 03 - 3 Zn( 0 H )2 formed, however, it may not 
be so readily soluble in the neutral salt solutions but could dissolve in the 0.02 N 
H2SO4. The alcohol washing, in preparing the Zn-Aiken, was considered com¬ 
plete when the filtrate gave no test for zinc. Thus, if a sparingly soluble compound 
of zinc were present in the soil, continued washing should leach virtually out all 
of it. 

Then too, Elgabaly and Jenny (4), as already pointed out, found that HCl 
was not so effective in releasing zinc as was ammonium acetate. They had used 
a procedure similar to the one outlined in the present paper in preparing a zinc 
montmorillonite. 

It seems reasonable to suggest that perhaps all three of the explanations 
presented are important in the mechanism of zinc sorption. Isomorphous re¬ 
placement by zinc may also account for some of the results obtained, although 
one would not expect much replacement of this type to occur in kaolinitic 
materials. 

Some interesting studies suggest themselves concerning the availability of 
zinc in this Zn-Aiken soil. It seems entirely possible that plants could utilize 
more zinc than is represented by the exchange capacity. According to table 1, 
0.0005 N H2SO4, which represents a pH of 3.5, released more zinc than did the 
salt solutions, and the pH of the soil solution in the immediate vicinity of plant 
roots is thought to be near to or slightly below this value. 

SUMMARY 

The sorption and release of zinc by Aiken clay loam have been studied. Data 
on the sorption of zinc by several other soils are included for comparison. It has 
been shown that the sorption of zinc by Aiken is somewhat different from that 
of other soils and that the sorption of calcium and magnesium is unlike that of 
zinc. Grinding, premoistening, and agitating in water prior to addition of ZnS 04 
solution failed to alter the shape of the sorption curve. The type of curve obtained 
suggests that other factors aie involved in the sorption of zinc besides an ex¬ 
change mechanism. 

The release of zinc from a prepared Zn-Aiken also suggests more than an 
exchange phenomenon. Results presented also reveal that acid solutions arc much 
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more effective in releasing zinc than are neutral normal salt solutions. Several 
hypotheses are put forth as possible explanations for the findings. 
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The success of conservation measures and maintenance of soil productivity 
argely depend upon a thorough imderstanding of the effect of cropping on soil 
properties. This problem has been investigated at the Rothamsted Experimental 
Station, England, and in many locations in the United States (1, 4, 7-10), but 
ittle information of this sort has been reported from New Mexico (2, 3). Al¬ 
though no long-term experiments have been especially designed for estimating the 
inherent soil fertility in this state, there are cultivated fields, virgin sod, and 
abandoned farms on identical or closely related soil series in the Tucumcari 
region m northeastern New Mexico. This report presents the findings from a 
3tudy of the effect of cultivation and cropping on the physical and chemical 
properties and the nutrient-suppl 3 dng level of these soils. 

The author acknowledges with gi-atitude the cooperation and assistance 
rendered to him durmg the progress of this study by Milton Fireman and L. 
W. Healton, U. S. Regional Salinity Laboratory, Riverside, California; D. R. 
Burnham, U. S. Dry Land Field Station, Tucumcari, New Mexico; Harrison J. 
Maker, Soil Conservation Service, State College, New Mexico; C. A. Grimes, 
jounty extension agent, and Wayne Miles, Soil Conservation Service, Tucum- 
5ari, New Mexico. 


DESCRIPTION OP THE AREA 

In many respects, the major soil series of Tucumcari may be regarded as the 
vestem extension of the soil of the Panhandle of Texas, but the average annual 
precipitation at Tucumcari, 16.51 inches (3), is appreciably lower than the 21.01 
nches at Amarillo, Texas, which represents the Panhandle. In terms of broad 
soil grouping, the soils may be classified as reddish chestnut, reddish brown, 
md brown, with lime and gypsum accumulations at various depths. Parent 
materials range from unconsolidated alluvial and aeolian sediments of the Qua¬ 
ternary or late Tertiary period to reddish brown sandstones and shales of the 
Friassic period. The native vegetation consists of mixed tall and short grasses and 
occasional mesquite shrubs, yucca, and cacti. Plant ecologists generally regard 
;his type of vegetative cover as “mixed prairie.’^ 

Cattlemen came in to the region from 1885 to 1895, and settlement of home¬ 
steads began about 1900. Even then, cattle grazmg was the major occupation. 
There are, however, continuous experiment records back to 1923 on spotted dry- 
armed areas surrounded by sod, and the history of these areas can be traced 
?7ith reasonably certainty to 1905. Irrigation of newly opened land in the western 

^ Contribution No. 67 from the New Mexico Agricultural Experiment Station. 
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section of Tucumcari began in 1946 after completion of the Conchas Reservoir, 
which is situated on the upper Canadian River, approximately 30 miles north¬ 
west of Tucumcari. According to reliable information, fertilizers have never been 
used on the areas where soil samples were collected. 

MATERIALS AND METHODS 

Soil samples were taken only from areas where cropped and virgin soils were of 
the same soil type and where authentic information about the history of the fields 
was available. Of the nine fields selected, four represented virgin soil, three had 
been continuously cropped for 19 to 36 years, and two had been abandoned to 
grass and weeds for 5 to 20 years. 

An average of four soil samples per location were collected, by horizons, to a 
depth of 64 inches. These were air-dried, sieved, and analyzed for particle-size 
distribution, percentage aggregates below 0.05 mm., apparent density, field 
capacity, air porosity, total soluble salts, gypsum, lime, exchangeable bases, pH, 
total nitrogen, total organic matter, and available PO4. Crop yields and nutrient- 
supplsdng ability of the soils were determined by pot culture under controlled 
greenhouse conditions. Only data of the first two horizons are included in this 
report.^ 

The particle-size distribution was determined by the improved Bouyoucos 
method; however, only the percentage of clay particles of effective diameter less 
than 2/x is given. The percentage of aggregates sm al ler than 0.05 mm. was 

A—J5 

calculated by the formula, ^ X 100 in which A stands for the total silt 

plus clay determined by mechanical analysis, and B represents the same fraction 
determined without dispersion. The total porosity was calculated from apparent 
density determinations of soil cores taken at approximate field capacity.* The 
volume of liquid phase was calculated from sticky point determinations. The 
volume of gaseous phase is taken as the difference between the total porosity and 
liquid phase. 

The soluble salts were calculated from chemical analyses of the saturation 
extract, and pH was determined on a saturated paste by means of the glass 
electrode. The base-exchange capacity was calculated from the quantity of 
ammonia distilled from the soil, which had been previously extracted with 
neutral ammonium acetate and then washed with alcohol. The exchangeable 
sodium was determined by the zinc uranyl acetate procedure from the acetate 
leachate. The percentage total nitrogen was determined by the Kjeldahl method. 
Phosphate was determined by the K 2 CO 8 method of Hockensmith, Gardner, and 
Goodwin (6) and expressed in parts per million. Graham’s (5) method was used 
to determine percentage organic matter. The C:N ratio was calculated by divid- 

* Except for the Dalhart series, the data on base-exchange capacity, exchangeable sor 
diiim, soluble salts, pH, total nitrogen, and available phosphate were obtained by Milton 
Fireman and L. H. Healton, who have kindly permitted the author to include their data. 

’ At least hve determinations were made on each horizon from ea^ch soil except for the 
subsoils of cropped Tucumcari loam and virgin Dalhart fine sandy loam. 
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ing 58 per cent of the organic matter by total nitrogen. Gypsum was determined 
by precipitation of BaSOi in a HOI extract. Lime was determined by CO 2 re¬ 
leased with standard 0.5 N H 2 SO 4 and back titrating with standard 0.5 N NaOH. 
The total nitrogen of the plant tissue was determined by the official A.O.A.C. 
method. The potash and phosphoric acid were determined by the sodium 
cobaltinitrite method and the standard molybdate method, respectively. 

Since it is probable that no chemical method can substitute for the mechanism 
which plants have for extracting available nutrients from the soU, greenhouse pot 
experiments were used. Yields were calculated and the plant tissue was analyzed 
and interpreted in assessing soil fertility of cropped and virgin fields. The nutrient 
supplsdng ability was taken as the quantity of N, PzOs, and K 2 O extracted from 
treated soil by an indicator plant (German millet) grown to the blooming stage 
under controlled greenhouse conditions. The N-supplying ability was taken as 
the total amount of nitrogen removed by the plants from soil which had been 
treated with P 2 O 6 and K 2 O at the equivalent rate of 100 pounds each per acre. 
The P208-supplying ability was estimated from the total quantity of P 2 O 6 re¬ 
moved from soil which had been fertilized with N and K 2 O equivalent to 100 
pounds each per acre. Similarly, the total amount of K 2 O which millet was able 
to remove from the soil that had received N and P 2 O 5 applications is regarded 
as the K 20 -supplying ability of the soil. 

CHANGES IN PHYSICAL PROPERTIES OF CROPPED SOILS 

Table 1 indicates that the cropped soils and viigin soils within each soil series 
are very similar in clay content. Extensive mechanical analyses of all horizons 
have shown this to be the case throughout the entire profile. Soils of the Tucum- 
cari. La Brier, and Quay series have medium-textured profiles, and soils of the 
Dalhart and Springer series have relatively coarse-textured profiles. On the 
average, the cropped and the virgin soils were not significantly different in the 
amount of clay smaller than 2 n, although an incipient downward migration of 
clay particles in cropped soils seems to have taken place. 

Cropping caused considerable change in soil aggregation. After an average of 
22.4 years of cropping, the surface soil and the subsoil show average losses of 
48 and 44 per cent, respectively, of their original aggregation (table 1). Loss of 
aggregation through cropping is greatly magnified in the finer-textured soils. The 
cropped Tucumcari loam has lost 81 per cent (topsoil) and 77 per cent (subsoil) 
of the aggregation found in the virgin Tucumcari loam. The high aggregation 
figure from the Springer soil which was abandoned for 20 years, as compared to the 
corresponding cultivated soil, suggests that native grass and weeds are very 
effective in restoring aggregation. 

The average total porosity of both surface soils and subsoils has decreased 
somewhat under cropping. The useful, or available, moisture range in these soils 
could not be calculated because their permanent wilting points were not deter¬ 
mined. The average moisture content of the surface horizon at the field capacity 
is 15 per cent lower in cropped than in virgin soils, and it is 17 per cent lower in 
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the cropped subsoils. The average volume of gaseous phase of virgin soils at field 
capacity is very like that of the cropped soils. 

CHANGES IN CHEMICAL PBOPBRTIES OP CROPPED SOILS 

The chemical data are summarized in table 1 and in table 2. From the data, 
it seems that long-time cropping has had almost no effect on the pH, lime, and 
gypsum status of these soils. Moreover, long-time cropping has had no significant 
effect on the base-exchange capacity. The 7.6 per cent decline in exchange 
capacity which did occur in cropped (surface) soils appears to be caused by the 
loss of organic matter. The percentages of exchangeable sodium, on equivalent 
basis, are generally higher in cropped soils than in the corresponding virgin soils. 
The total soluble salts, on the other hand, are slightly lower in the cropped surface 
soils. Since both the absolute and the relative differences are very small, these 
differences cannot be attributed to the selective absorption of plants. 

The over-all lack of significant changes in chemical properties is not difficult 
to explain. The quantity of minerals removed by dry-fanned crops is nominal as 
compared with the potential supply of the base-saturated soils. This fact and its 
interpretation are supported by the work of Botkin and Smith (2). Furthermore, 
under the conditions of limited rainfall, leaching has not caused apparent chemical 
changes in cropped soils. 

CHANGES IN NUTRIENT STATUS OP CROPPED SOILS 

Pot culture results and additional chemical data which may be more closely 
related to soil fertility are summarized in table 2. These figures indicate that 
cropping has brought about a decrease of 44 per cent in organic matter, 31 per 
cent in total nitrogen, 26 per cent in available phosphates, and 18 per cent in C: N 
ratio m the soils of the surface horizon. They further show that in the subsoils 
cropping has brought a decrease amounting to 31 per cent for the organic matter, 
28 per cent for nitrogen, 23 per cent for phosphates, and 6 per cent for the 0:N 
ratio. Over a period averaging 22.4 years the annual rate of loss in the surface 
soil of organic matter and total nitrogen appears to be 2.0 per cent and 1.4 per 
cent of the original amoimts present, respectively. 

The quantity of N, P 2 O 6 , and K 2 O removed by plants under the specified con¬ 
ditions, expressed as pounds per acre, are given in table 2. In the surface samples, 
the uptake of nutrients by plants was higher from the virgin soils than from the 
cropped soils. The uptake of nitrogen from the virgin sod was twice as high as 
that from the cropped soil; the uptake of P 2 O 6 was 1.7 times as high as from the 
cropped; and the uptake of potash was only 15 times as hi^ as from the cropped. 
The total uptake of K 2 O is high compared with the uptake of nitrogen and phos¬ 
phoric acid. 

The nutrient uptake by plants from subsoils was obtained from only one soil 
series, and therefore may not represent the entire area. The limited data surest, 
however, that continued diy-farming has depleted the fertility of surface soils 
only. 

In spite of the amount of available phosphates removed from the surface 



EWECT OF CKOPPING ON SOIL PROPERTIES 


365 


TABLE 2 


Nutrient status of virgin and cropped soils 


son. TSPE 

LAND USE* 

DEPTH 

TOTAL 

NITEO- 

GENf 

AVAIL¬ 

ABLE 

PHOS- 

PHATEt 

ORGANIC 

MATTES 

C:N 

EATIO 

ndtbient uptake t 

N 

PaOs 

KaO 



in. 

% 

ppm. 

% 


lb./A. 

Ib./A. 

Ib./A 

Dalhart fine 

Virgin sod 

0-4 

.074 

66 

1.38 

10.8 

40.7 

30.4 

189.0 

sandy loam 


4-14 

— 

35 

— 

— 

31.0 

5.9 

183.1 


Cropped 19 

0-6 

.052 

29 

0.77 

8.7 

23.3 

24.4 

149.5 


years 

6-20 

— 

18 

— 

— 

28.9 

5.3 

179.2 

Mixed Quay and 

Virgin sod 



62 

1.49 

11.5 

57.9 

16.0 

184.7 

La Brier loam 


8-18 

.061 

40 

0.96 

9.0 

— 

— 

[ — 


Cropped 36 


.046 

32 


8.4 

21.6 

4.5 

138.7 


years 

4-11 


22 

0.46 

7.0 

— 

— 

— 

Springer fine 

Virgin sod 

0-12 

.052 

40 

0.96 

10.7 

22.9 

10.4 

168.8 

sandy loam 

i 

12-24 

.035 1 

24 

0.53 

8.7 

— 

— 

— 


Cropped 5 

0-9 

-044 

30 

0.76 

10.0 

20.1 

8.3 

157.7 


years§ 

9-20 

.050 

28 

0.73 

8.6 

— 

— 

— 


Cropped 32 

0-10 

.049 

46 

0.65 

8.0 

15.3 

4.4 

127.9 


years 

14-27 

.028 

11 

0.36 

7.6 

— 

— 

— 

Tucumcari loam 

Virgin sod 

0-7 

.105 

46 

1.82 

10.1 

66.8 

7.0 

161.2 



7-12 

.100 

28 

1.32 

7.7 

— 

— 

— 


Cropped 20 

0-9 

.071 

60 

1.14 

9.3 

29.8 

5.2 

150.8 


years IF 

9-18 

.071 

44 

1.05 

8.6 

— 

— 

— 

Average of all 

Virgin sod 

Topsoil 

.077 

53.5 

1.43 

10.8 

44.6 

16.0 

176.0 

soils 


Subsoil 

.065 

31.8 

0.94 

8.6 

31.0 

5.9 

183.1 


Cropped 

Topsoil 

.053 

39.4 

0.80 

8.9 

22.0 

9.4 

144.9 


22.4 years 

Subsoil 

.047 

24.6 

0.65 

8,0 

28,9 

5.3 



* Irrigation was begun in 1947 on every cropped field except the one in the Dalhart 
series, which is still dry-farmed. 

t Data, except for those on Dalhart soils, were obtained from Milton Fireman and 
L. W. Healton, "Investigation of salinity and alkali conditions of soil of the Tucumcari 
project, New Mexico.” Mimeographed, U. S. Regional Salinity and Rubidoux Laboratories, 
1948. 

t Quantities of N, PaOs, and KsO extracted by growing German millet to blooming stage 
under controlled greenhouse conditions. 

§ This field has been abandoned to grasses for 20 years. 

IT This field was abandoned to grasses for 6 years before it was broken out for irrigation 
in 1947. 

horizon by cropping, it appears that more available phosphates still remain in the 
surface than in the subsoil horizons of these soils. The loss of nitrogen is generally 
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associated with the loss of organic matter. The figures indicated, however, that 
the uptake of P 2 O 6 is more closely related to the soil organic matter than to the 
amount of chemically available phosphate in the soil. This is illustrated by the 
data from Springer fine sandy loam. The P 2 O 6 uptake from a cropped field 
abandoned to grass and weeds for 20 years was 8.3 pounds per acre—^3.9 pounds 
more than the per-acre uptake from the continually cropped Springer fine sandy 
loam. On the other hand, there was more chemically available phosphate in the 
continually cropped field than in the abandoned field. 

DISCUSSION 

The most pronounced change in physical properties of soil under cropping is 
the loss of original aggregation in the upper horizons. This loss of aggregation 
averaged 48 per cent, ranging from 81 per cent in the heavier Tucumcari loam to 
28 per cent in the lighter Dalhart fine sandy loam. This average compares with a 
27 per cent loss in the “state of aggregation’’ of Marshall silty clay loam in 
eastern Nebraska as a result of 50 years’ cropping (1) and an 80 per cent loss of 
aggregation in a heavy Colby, or Crete, clay at Hays, Kansas, as a result of 40 
years’ cropping (9). On the other hand, the decreases in water-retaining capacity, 
total porosity, and air capacity (gaseous phase) of the Tucumcari soils were not 
so large as those reported in western Oregon (15), eastern Nebraska (1), and 
western Ohio (10). Apparently, the climate, soil conditions, and methods of 
farming may influence the trend and magnitude of changes in soil properties. 

On a percentage basis, the decline in organic matter and total nitrogen under 
cropping appears to be more rapid in this region than in the Midwest (7), the 
Great Plains (14), or western Oregon (15). The high temperature in Tucumcari 
soil may be responsible for the rapid loss. 

The fact that the organic matter is being depleted more rapidly than the total 
nitrogen in the surface soil points to a gradual narrowing of the C:N ratio. As the 
ratio narrows, the limited energy factor will retard the process of decomposition 
and stabilize the humus at a new equilibrium level. Graphs prepared by the 
author relating the rate of loss of organic matter to the number of years of 
cropping suggest that the rate has declined to a minimum in about 20 years, 
and that a new equilibrium may have been established within 30 years imder 
Tucumcari conditions. 

A critical C:N ratio is reached when the rates of decomposition of organic 
matter and release of nitrogen appear to slow down materially. If the ratio is 
substantially lowered below the critical point by continuous cropping vrithout the 
use of fertilizers, the physical properties and nutrient status of the soil may be 
jeopardized because of poor aggregation and slow release of nutrients. As a 
matter of fact, two fields, one in the Springer series and the other in the Tucum¬ 
cari series, were once abandoned after 5 to 20 years of farming, presumably 
because of the loss of organic matter and fertility. This might have been corrected 
by use of fertilizers. Previous work^ indicates that the critical C:N ratio for most 
Tucumcari soils is about 9.0. The average 0:N ratios for virgin and cropped 

* Detrils being published by the New Merico Agricultural Experiment Station. 
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soils are 10.8 and 8.9 respectively. From the standpoint of soil fertility, it is 
important to maintain the C:N ratio above the critical level. It should be pointed 
out that the climatic conditions of the irrigated fields are different from those of 
the adjacent dry-farmed fields, largely because of the difference in moisture. The 
C:N ratio of irrigated soils, according to Powers (12) and Jenny (8), should be 
higher than the adjacent dry-farmed soils. 

The influence of native grasses and weeds upon the restoration of soil fertility 
and aggregation is reflected in the data obtained from the abandoned field of the 
Springer series. Thus the aggregation of the abandoned field was 99 per cent of 
that of virgin sod, as contrasted with 65 per cent in the cropped area; N-supplying 
ability was 88 per cent as contrasted with 67 per cent; and P206-supplying 
ability was 80 per cent and 42 per cent. Rotation with sod is believed to be the 
main factor in maintenance of soil fertility on old continents Uke Europe and 
Asia. In California (11), 8 years of mustard and volunteer weeds restored the 
infiltration rate and productivity of an experimental orchard to the original 
condition. At Hays, Kansas (9), 5 years of irrigated and 25 years of dry-farmed 
buffalo grass restored the aggregation of depleted soils from 20 per cent to 60 
per cent and 100 per cent respectively of the corresponding virgin soils. This effect 
is by no means limited to the West. For example, 29 years of native grasses on 
the Morrow plots in Illinois (4) and 30 years of grass and weeds supplemented 
with potash and phosphate on a New Jersey experimental plot (13) also resulted 
in restoration of deteriorated soils to their original nutrient levels. 

SUMMARY 

Extensive physical measurements, chemical analyses, and biological tests were 
conducted on approximately 100 samples of soil collected from horizons of 
cropped and virgin fields of Tucumcari loam, mixed Quay and La Brier loam, 
Dalhart fine sandy loam, and Springer fine sandy loam. 

After an average of 22 years under cropping, these soils show a considerable 
decline in their physical suitability for agricultural purposes (indicated by 
aggregation, porosity, and water-retaining capacity) and in organic matter, total 
N, and nutrient-supplying ability. Chemical differences between cropped and 
virgin soils are often inadequate to account for differences in productivity. 

The relative loss of organic matter and total nitrogen indicated humus stabili¬ 
zation at a new equilibrium in cropped soils. The critical C :N ratio for Tucumcari 
soils was approximately 9.0; the C:N ratio averaged 8.9 for the cropped soils 
and 10.8 for the virgin soils. 
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EFFECTS OF CARBON BLACK ON THE PROPERTIES OF SOILS; II. 
EFFECTS ON HUMID SOILS^ 

JOHN N. EVERSON and JAMES B. WEAVER* 
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Received for publication November 6,1949 

Although the carbon blacks used in this work have little nutrient value for 
plants, they cause changes in the soil which may induce better plant growth. 
Carbon blacks are in the colloidal state of division and carry a charge. When 
mixed into light colored soils, in proportions of 1 part in 250 or more parts, they 
darken the soils considerably. Stimulation of plant growth in humid soils is 
thought to be associated with added energy due to darkening and to more 
favorable aggregation caused by the charge on the colloidal particles. Other 
finely divided black substances would no doubt exhibit similar effects. For re¬ 
search purposes, however, carbon blacks have the advantage that the results 
produced by darkening and fine size may be evaluated without the confusion 
which results in attempting to dissociate growth produced by nutrient-containing 
blacks such as charcoal, scotch, soot, or lignite. 

Three types of carbon black were used in these experiments. Their important 
properties are described in table 1. 

Merrimac fine sandy loam containing 3.5 per cent clay was used in most of the 
tests. Cheshire fine sandy loam containing 9 per cent clay was used in other 
tests. The frost removal tesss were made on Agawam fine sandy loam. Fertilizer, 
usually 7-7-7, has been added to all soils at the rate of 200 pounds of nitrogen 
per acre. “Untreated soil” refers to soil containing this fertilizer but not treated 
with carbon. 


MOISTXJBE CONTENT OP SOILS IN THE FIELD 

Since soil temperature is affected by moisture relations in the soil, temperature 
data described in the previous paper^ were supplemented by moisture measure¬ 
ments made according to standard procedures^. Measurements were made 
regularly during a drought from August 3-17, 1944, and also whenever unusual 
conditions occurred. 

Table 2 lists average moisture content of field samples of the carbon-treated 
and the untreated Merrimac soil. Carbon application was 4,000 pounds Elf 3 
per acre. 

1 Contribution No. 742. Massachusetts Agricultural Experiment Station, Amherst, Mass. 
Funds for this investigation were contributed by Godfrey L. Cabot, Inc., Boston, Mass. 

* Assistant professor, agronomy department. University of Massachusetts, and assistant 
to director, research and development department, Godfrey L. Cabot, Inc., respectively. 

® Everson, J. N., and Weaver, J. B, Effects of carbon black on the properties of soils: 
I. Effects on soil temperature. Indus, and Engin. Chem. 41:1798.1949. 

* Official and Tentative Methods of Analysis, ed. 6. Association of Official Agricultural 
Chemists, Washington, D. C. 
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Morning moisture readings were almost uniformly 10 per cent higher in carbon- 
treated soils than in untreated soil throughout the August hot dry spell. The 
single afternoon reading made during the hot spell showed 4 per cent higher 
moisture in the carbon-treated soil. Other morning moisture readings taken were 
all higher on carbon-treated soil than on xmtreated soil; the mi n im um difference 


TABLE 1 


Properties of carbon blacks 



STERLING R 
STERLING S 

ELP 3 

MOGUL 

Grade*. 

Semi-reinforcing 

Low color chan- 

Long-flow im- 


Furnace 

nel (LCC) 

pingement 

Description. 

(SRF) 

Gas furnace 

Channel 

(LFI) 

After-treated 

pH. 

9- 10 

4-5 

channel 

2-3 

Surface area by nitrogen ad¬ 
sorption, sq. m.Igm . 

30- 40 

100-170 

150-200 

Average particle size, A. 

700-900 

170-250 

200-250 

Carbon, per cent . 

98-99 

95 

92 

Hydrogen, per cent . 

0.2-0.4 

0.5-0.7 

0.4 

Oxygen, per cent . 

0.3-0.9 

2-4 

7-8 


SPECTROSCOPIC ANALYSIS STEBUNO 
(All less than 0.1 per cent) 


EUr 3 AND UOGUL DcpiTRrnzs 


B 

Ca 

Or 

Fe 

K 

Mg 

Mn 

Na 

Si 

Sn 

Sr 

Ti 


Hr, CO, CO 2 , HaO and traces of hydrocar¬ 
bons are present 


* Trade names are those of Godfrey L. Cabot, Inc., who supplied the carbon blacks 
tested. Grade designations are those used in the carbon black industry. 


was 1.3 per cent. Early afternoon readings showed higher moisture in carbon- 
treated soil in five out of six cases. 


WET AND DRY A(3KJREGATION OF SOILS 

Fifty-gram samples of imtreated soil and of soil treated with a definite per¬ 
centage of carbon black were dispersed, each in 1 liter of water, for 5 minutes 
with a blade mixer at 3,500 r.p.m. After they had settled for 1 hour, a 25-cc. 
sample of the liquid in each was removed with a pipette tip at the appropriate 
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level, as calculated by Stoke’s law. Evaporation and ignition of this sample left 
a residue representing the unflocculated clay (<0.002 mm.) in the soils. Un¬ 
treated Merrimac soil containing 3.5 per cent clay was found to contain 1.6 
per cent unaggregated clay. Merrimac soil treated with 0.2 per cent Elf 3 carbon, 
pH 4, showed no unaggregated clay. 

As the liquid dispersion in this test contained an excess of carbon, lower con¬ 
centrations of carbon were investigated with the same soil. Concentrations down 

TABLE 2 

Field moisture content of carbon-treated and untreated soil samples 


Carbon treatment at 4,000 pounds Elf 3/acre 




KOZSTUEE CONTENT 


DATE (1944) 

Tnn;; 

C-treated 
soil 

Untreated 

soil 

Increase in 
C-treated 
soil 

WEATHEB. 

May 10. 

8 a.m. 

per ceni 

20.1 

per cent 

18.8 

per cent 

1.3 


May 10. 

1 p.m. 

12.6 

17.8 

-5.2 


June 20. 

8 a.m. 

32.6 

22.7 

9.9 

After rain 

June 29. 

1 p.m. 

39.4 

21.5 

17.9 


July 11. 

1 p.m. 

26.5 

20.3 

6.2 


July 19. 

1 p.m. 

16.1 

10.8 

5.3 


July 23. 

8 a.m. 

45.0 

35.0 

10.0 


Aug. 3. 

8 a.m. 

34.6 

20.6 

14.0 

After rain, hot 

Aug. 3. 

1 p.m. 

30.2 

20.6 

9.6 


Aug. 4. 

8 a.m. 

43.0 

34.0 

9.0 

No rain, hot 

Aug. 5. 

8 a.m. 

41.0 

32.0 

9.0 

No rain, hot 

Aug. 6. 

8 a.m. 

45.0 

35.0 

10.0 

No rain, hot 

Aug. 7. 

8 a.m. 

45.0 

35.0 

10.0 

No rain, hot 

Aug. 8. 

8 a.m. 

44.0 

33.0 

11.0 

No rain, hot 

Aug. 9. 

8 a.m. 

43.0 

31.0 

12.0 

No rain, hot 

Aug. 10. 

8 a.m. 

41.0 

30.0 

11.0 

No rain, hot 

Aug. 12. 

8 a.m. 

40.0 

29.0 

11.0 

No rain, hot 

Aug. 13. 

8 a.m. 

38.0 

28.0 

10.0 

No rain, hot 

Aug. 13. 

1 p.m. 

18.4 

14.4 

4.0 

No rain, hot 

Aug. 14. 

8 a.m. 

37.0 

27.0 

10.0 

Rain 

Aug. 15. 

8 a.m. 

36.0 1 

26.0 

10.0 

No rain, hot 

Aug. 16. 

8 a.m. 

36.0 

25.0 

11.0 

No rain, hot 

Aug. 17. 

8 a.m. 

35.0 

25.0 

10.0 

Rain 


to and including 0.06 per cent Elf 3 (600 ppm. C) completely flocculated all clays 
in the soil. This agrees with work by Perotti and Ruso® in which 1,200 pounds of 
charcoal per acre caused aggregation. 

Untreated Cheshire soil containing 9.0 per cent clay showed 2 per cent un¬ 
aggregated clay by this test. A sample of Cheshire soil treated with 0.2 per cent 

® Perotti, R., and Huso, C. Studi concornenii Pazione del carbona sulla vegetazione: 
11. Bol. 1st. Agr. Pisa 4: 463^1. 1928. 
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Sterling S was completely flocculated to larger than clay size. An excess of carbon 
black was again present. 

Separate tests were carried out on dry aggregation of these soils. Air-dried 
samples of the soils were shalcen for 5 minutes in a Ro-Tap sieve shalcer. The 
particles smaller than 1 mm. were as follows: Untreated Merrimac soil, 9.5 per 
cent; Merrimac soil treated with 0.2 per cent Elf 3 carbon, pH 4, 6.2 per cent; 
untreated Cheshire soil, 8.2 per cent; Cheshire soil treated with 0.2 per cent 
Sterling S carbon, pH 9, 5.8 per cent. 

These studies, which were made in 1944 and 1945, showed that carbon had an 
aggregating effect on some soils, by both wet and dry tests, whether the carbon 
used was acid or alkaline. 

Similar tests, using Sterling S black with boulder clay and Suffield soil, gave 
negative results in 1947 and 1948. In absence of further data, the conclusion is 
that some carbon blacks will cause aggregation in some soils. 

ACCUMULATION OP SALTS NEAR SOIL SURPACBS 

To measure the comparative accumulation of salts near the surface of carbon- 
treated and untreated soil, a Solu-bridge, which is a modified Wheatstone 
bridge, was used to measure the conductivity of the salts leached from field 
samples. Carbon treatment on these samples was with Sterling S, 2,000 pounds 
per acre mixed to 2 inches. Samples of soil (50 gm. each) were taken from the 
upper ^-inch of the carbon-treated and xmtreated soil and shaken vrith 100 ml. 
of distilled water. The soil was filtered off after 15 minutes extraction, and the 
conductivity of the resulting solution measured. Conductivity is in direct propor¬ 
tion to the ionic concentrations of the salts extracted from the soils. Conduc¬ 
tivities were recorded of four such measurements made between July 13 and 
August 17, 1947. The results were 12 per cent, 150 per cent, 46 per cent, and 85 
per cent higher in the extracts from carbon-treated soils than in those from 
untreated soil. Other tests showed the same trend. 

During the hot dry days of August 1944, an important special effect was 
observed in connection with salt accumulation. During this period, the carbon- 
treated soil (Elf 3, 4j000 pounds per acre, surface applications and 2-inch mix) 
was damper than untreated soil, as usual, in the morning, and both dried out 
considerably during the day (see table 2). During the day, however, most of the 
carbon-treated soil showed a whitened surface. Nitrate tests at the surface 
indicated that this whitening was due to accumulation of calcium and sodium 
nitrates at the surface. Carbon-treated soil showed accumulation of 1,000 ppm, 
NOs-N as against 150 ppm. on untreated soil. 

A secondary effect of this surface salt accumulation was that the heat intake 
was lowered. This lowered the maximum temperature of the carbon-treated soil 
surface enough to make the average daily maximum for August lower than the 
average maximum of the untreated soil surface. This was the only month in the 
s u m m er periods under consideration for which this was the case. Even during 
this month, the average maximum temperature at a depth of 2 inches was higher 
in carbon-treated soil. As these were the hottest days (air temperature) in the 
measured periods, the concentration of salts produced by carbon seemed to have 
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the effect of protecting the surface of the soil from extremely high temperatures 
during drought. The whitening phenomenon might not have occurred if lower 
rates of fertilizer application had been employed, since lower concentrations of 
salts would have been in the near-by soil water to come to the surface as the 
water evaporated. The lowering of the maximum temperatures of carbon-treated 
soil during this period was due to the loss of heat involved in the high rate of 
evaporation which brought the salts to the surface on such hot, dry days, and 
partly to the reflection of light by the whitened surface. 

The whitening effect of salt accumulation at the surface of carbon-treated soils 
did not repeat itself until the hot, moderately dry spell in August, 1947. 

Laboratory tests showed (table 3) that carbon-treated soil evaporates more 
water than does an untreated one. In the field the movement of liquid water to 


TABLE 3 

Evaporation from carbon-treated and untreated soils in sunlight in 1944 


DATE 

TIME 

TEMPESATUitE 

CUMULATIVE WATER LOSS 

C-treated 

soil 

Untreated 

soil 

C-treated 

soil 

Untreated 

soil 

Increase in 
C-treated soil 



-c. 

"C. 

gm. 

gm. 

gm. 

April 21 

9:30 a.m. 


20.0 

0 

0 



1:35 p.m. 

24.2 

23.4 

2.7 

1.7 



3:35 p.m. 

27.8 

26.8 

4.9 

3.5 

1.4 

April 22 

9:45 a.m. 

27.8 I 

27.8 

26.9 

24.8 

2.1 


11:00 a.m. 



28.1 

24.9 

3.2 

April 24 

9:15 a.m. 

22.4 

22.0 

54.8 

49.3 

5.5 


2:10 p.m. 



57.7 1 

52.3 

5.4 


4:10 p.m. 

23.5 

23.0 

57.7 

52.3 

5.4 

April 25 

9:45 a.m. 

22.0 


69.6 

63.3 

6.3 

April 26 

9:00 a.m. 

25.0 

1 24.0 1 

85.5 

78.3 

7.2 


points near the soil surface causes higher salt concentrations when the water 
evaporates. It is logical to assume then that the whitening of the carbon-treated 
soil was due to residual salts left by water which had evaporated. 

The phenomenon of salt accumulation cannot be evaluated as entirely bene¬ 
ficial or entirely harmful. It will offset the tendency of rains to carry nutrient salts 
below the level useful to plants, since the salts are continually returned toward 
the surface region by the higher evaporation from carbon-treated soils. On the 
other hand, the very high rates of evaporation occurring during hot spells may 
carry the salts above the level useful to crops, especially deep-rooted ones. It 
may increase loss of salts by surface runoff during rain. 

WATER-HOLDING CAPACITY OP SOILS 

Tests were made by the Hilgard method® on the maximum water-holding 
capacity of carbon-treated (4,000 pounds Elf 3 per acre) and untreated soil. The 
average maximum water-holding capacity of the carbon-treated Merrimac soil 

® Lton, T. Y,, and Buckman, H. O. Nature and Properties of Soil. Macmillan, New 
York. 1937. 
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was 64.6 per cent of the samplers dry weight, whereas that of the untreated soil 
was 45.9 per cent. 

Similar tests on Cheshire soil, made at the same rate of carbon application using 
carbon blacks having pH values of 3, 6, and 9, gave the following average 
maximum water-holding capacities: imtreated Cheshire soil, 53.5 percent; treated 
with Mogul, pH 3,60.3 per cent; treated with Elf 3, pH 5, 70.0 per cent; treated 
with Sterling S, pH 9, W.O per cent. 

These experiments show that carbon-treated soils can retain more water than 
imtreated soils. As discussed below, the higher energy intake of the carbon- 
treated soil may result in evaporation of moisture as well as temperature increase. 

3ESEPECT OP MOISTURE ON HEATING AND COOLING OP CARBON-TREATED 
AND UNTREATED SOILS 

Samples of dry Merrimac soils, one treated with 0.1 per cent Elf 3 carbon and 
the other untreated, in beakers were exposed to the sun’s rays for several days. 
On sunny days, the carbon-treated soil was to 2®F. warmer than the untreated 
from 10 a.m. to 3 p.m. For a period in the morning and another in the afternoon, 
both soils were at the same temperature. In early morning and late afternoon, 
the carbon-treated soil was cooler, even in full sunshine. At night, the carbon- 
treated soil remained J^F. cooler than the untreated soil, or else both soils were 
reduced to air temperature. 

A weight of water equal to the dry weight of soil was added to each of the 
samples. This reduced the maximum temperature of both soils about 4°F. on the 
average when exposed to conditions similar to those of the dry soils. The maxi¬ 
mum temperature of the carbon-treated soil was still above that of the untreated 
soil, but die difference was not so great as for dry soils. The carbon-treated soil 
showed greater water evaporation than the untreated soil, as shown below. 

One-half of the air-dried sample of Merrimac fine sandy loam was mixed with 
Sterling S carbon at the rate of 4,000 parts in 500,000. To 250-gm. samples of 
treated and untreated dry soils in separate beakers, 100 gm. of water was added. 
Water and soil were both at 20"^ initially. The beakers were placed in the sun in 
the laboratory. Table 3 shows temperatures and water losses. 

Thus, in 5 days, the carbon-treated sample evaporated 7.2 gm., about 9 per 
cent, more water than the untreated sample, representing an additional loss of 
about 4,200 gram-calories. The temperature of the carbon-treated soil was higher 
than that of the untreated soil in spite of this heat loss. In the field, because new 
water is constantly supplied from lower soil, greater differences in evaporation 
may occur. 

These experiments show that heat absorbed into soils may be expended by an 
evaporation of water as well as by raising the temperature level. The carbon- 
treated soil still absorbs more heat but, since it evaporates more water, its tem¬ 
perature may not be significantly higher than that of the untreated soil. 

TIME OF ICE-BAND REMOVAL 

During spring, alternate freezing and thawing of the surface soil together with 
upward movement of water causes ice crystals in a stratum some distance below 



EFFECTS OP CARBON BLACK ON SOILS 


375 


the surface. Until this ice band has thawed, water may be prevented from perco¬ 
lating downward. The soil is too soggy to plow until this frosty layer thaws. It 
takes more heat to warm a wet soil than a dry one. 

Ice-band removal tests were made in 1945 and 1946 in a flat area of Agawam 
soil. When the surface was completely saturated with moisture because of the 
presence of an ice band, insertion of a rod showed solid frost at 12 inches. Part 
of the soil had been given a surface application of Elf 3 in 1944 and of Sterling S 
in 1945, both at the rate of 4,000 pounds per acre. Dial thermometers at 6-inch 
depth showed the temperature remaining at 32°F. until the frost thawed, letting 
the water pass downward into the soil. In 1945 the carbon-treated soil thawed 2 
days earlier than the untreated soil. In 1946 the soil with carbon-treatment 
thawed 1 week earlier and was dry enough for plowing 2 weeks earlier than the 
untreated soil. There was less frost in the 1945 soil because of a heavy snow cover. 

Before true complete frost removal, the carbon showed another warming eflfect 
on the soil. On January 27,1945, the carbon-treated soil thawed to 2 inches imder 
snow. Untreated soil did not thaw. 

These tests showed, for the 2 years tested, an earlier removal of the frost band 
in carbon-treated soil. During the year of heavier frost, this had a considerable 
effect on the time at which the soil was dry enough for plowing. 

TIM^ OP SOIL FREEZING 

Both carbon-treated and imtreated soils were frozen at the surface under the 
snow December 1, 1944. The imtreated soil was frozen to 31'^F. at a depth of 2 
inches throughout this day. The carbon-treated soil at 2-inch depth was at 32° 
or lower for only 17 hours. By December 3, the untreated soil was frozen to 12- 
inch depth for 24 hours. On December 22 the carbon-treated soil froze for the 
first time to 2-inch depth for 24 hours. During the entire winter the maximum 
temperatures of the carbon-treated soil were a few degrees higher than those of 
the untreated soil at 2-inch depth. 

This test showed, for the single year studied, a considerable postponement of 
freezing of soils below the surface where carbon black was applied. 

pH OF SOILS 

Measurements were made with a Beckman pH meter, using a 1:2 ratio of soil 
to water. The Merrimac soil used had a pH value of 5.6. The Cheshire soil was at 
pH 5.7. Soil samples from the field showed that these pH values were not changed 
by the addition of Elf 3 black, pH 4, or Sterling S black, pH 9, at rates up to 
4,000 poxmds per acre. 


OTHER POSSIBLE EFFECTS 

Further studies are needed on other effects of carbon-black on soils. Possible 
increased retention of ammonium salts by absorption on the carbon should be 
investigated further. There are also possible effects on retention of other nutrients 
and trace elements. In 1944 plants were treated with fertilizer containing am¬ 
monium sulfate, urea, and cotton seed meal but no nitrates. The carbon plot 
showed the presence of nitrates in 40 days, whereas the untreated showed no 
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nitrate nitrogen until 60 days after fertilizer application. Darkening soils as a 
means of producing earlier nitrification should be studied. 

A few tests of blacks of different pH seemed to indicate that thin surface appli¬ 
cation of such a colloid with suitable pH may lessen '^damping off.^’ A study is 
also indicated as to the effects of small additions of colloids on ionic exchange in 
soils. 


DISCUSSION 

In the preceding sections clarity of initial presentation has required separate 
consideration of several effects which are in reality interrelated; this section is in¬ 
cluded to show the connections believed to exist between the effects noted. 

The major effect of the blackness of carbon black seems to be a simple one: it 
increases the energy intake, during the day, and adds slightly to the radiation, 
during the night, of soils treated with it. Increased energy intake would seem 
to be the direct cause of several of the results noted. Increased temperature, 
postponement of freezing in soils, and earlier frost removal probably stem directly 
from increased energy intake. Increased energy intake is also a requisite for 
higher moisture evaporation without noticeable cooling of the soil. 

Colloidal carbon aggregates some soils and adds new area to the soil interfaces. 
An application of 1,200 pounds per acre aggregated some soils so that all particles 
were above the dimensions of clay. This aggregation serves to allow freer passage 
of moisture through the soil and also makes the soil easier to cultivate. Other re¬ 
sults of the alteration of colloidal properties of the soil may include all of the 
following: increased maxiTnum water-holding capacity, increased average mois¬ 
ture content, increased evaporation, and increased salt accumulation near the 
surface. It is a paradox that the surface of carbon-treated soil shows a hi^er 
moisture content in spite of the fact that more moisture is evaporated from it. 
No definite reason for this has been presented, although there are several possible 
theories. These will be considered in a later paper. 

SUMMARY AND CONCLUSIONS 

A previous paper presented the effects on field soil temperatures of addition to 
a Merrimac soil in Amherst, Massachusetts, of carbon black at the rate of 2 
tons per acre mixed into the top 2 inches (0.7 per cent). The present paper dis¬ 
cusses heat and other effects observed when carbon black was added to this and 
other soils. The same field application caused increases in wet and dry floccula¬ 
tion, in accumulation of salts near soil surfaces, in water-holding capacity, and 
in moisture content. Some other soils tested showed no aggregation when carbon 
black was added, and no water-stable aggregation was observed in any soil. 

Carbon black, in the proportions used, caused some postponement of soil 
freezing in fall and advanced time of ice removal from soil in spring. No change of 
pH was diown. The interrelation of moisture content and temperature in the 
heating of carbon-treated soils is also discussed. 

It is concluded that carbon black, by darkening soils, increases energy absorp¬ 
tion, and because of the differences in charges between colloidal clay and carbon, 
flocculation and an aggregation occur in some soils. 



FACTORS DETERMINING EFFICIENCY OF CYANAMID AND 
URAMON FOR WEED CONTROL IN TOBACCO 
PLANTBEDS 

GAYLORD M. VOLK> 

Florida Agricultural Experiment Station 
Heoeived for publication October 19,1949 

Calcium cyanamide and urea are now widely used for killing weeds in tobacco 
plantbeds. The materials are available as Granular “Aero” Cyanamid and Ura- 
mon. They are most commonly used on light sandy soils either singly at the 
rate of 1 pound per square yard of bed, or in combination of 1 pound of Uramon 
plus ^ pound of Cyanamid^ per square yard. Under Florida conditions beds are 
treated in early October and planted in late December or early January. Clark, 
Volk, and Stokes (2) have reported generally satisfactory results with all three 
treatments in sections of the state where flue-cured tobacco is grown, but occa¬ 
sionally failures occur because of lack of weed control or from apparent residual 
toxicity at the time of planting the tobacco seed. Unsatisfactory results often 
appeared to be a response to an imusually dry or wet season, possibly further 
enhanced by certain soil conditions. 

The possible reactions through which cyanamide may pass in the soil have 
been summarized by Buchanan and Barsky (1) and by Crowther and Richardson 
(3). The normal reaction of moderate amoimts of cyanamide in the presence of 
adequate buffering acidity in moist soil results in the formation of hydrogen 
cyanamide (H 2 CN 2 ) which hydrolyzes to urea. The latter is then converted to 
ammonia, presumably by biochemical ammonification. In the alkaline range 
above pH 8.0, hydrogen cyanamide tends to polymerize to dicyandiamide 
[(H 2 CN 2 ) 2 l. Both hydrogen cyanamide and dicyandiamide are known to be toxic 
to plants, but the latter is thought to be much more stable and persistent in the 
soil (3,9). It is also well known that calcium cyanamide and dicyandiamide have 
a depressing effect on nitrification in the soil, the latter apparently more so than 
the former (8). 


METHODS AND MATERIALS 

Soils used in the various tests and the size of field plots and number of replica¬ 
tions from which data were averaged are given in table 1. Each plot was sampled 
by taking 12 plugs 5 inches deep to form a composite. All determinations were 
made on field-moist samples immediately after collection. Data reported are the 
average of analyses on moisture-free basis of such samples. All laboratory tests 
were with Lakeland fine sand-III. Fellowship clay loam is not used for tobacco 

^ Soil samples from plantbeds were made available through the cooperation of Fred 
Clark, assistant agronomist. 

^ In this pax}er Cyanamid is used to designate the commerical product; cyanamide, the 
exact chemical CaCNj. 
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plaatbeds in Florida, but was included in one series of tests to show comparative 
data for a heavy soil. Erosion had left this soil relatively low in organic matter. 

The Uramon used in the tests was the usual 42 per cent nitrogen material. The 
Cyanamid used was from freshly opened bags. Table 2 gives analyses of two 
freshly opened bags of material of different ages. Some decomposition with age is 
evident, as would be expected (6). A fresh supply of Cyanamid was obtained for 
each new set of field tests. The laboratory tests were made with freshly opened 
material 22 weeks after procurement. 

Weed control chemicals for field plot tests were broadcast when the soil was 
moist and were worked into the surface 3 inches. Beds were left uncovered and 
occasionally received a limited amoimt of supplemental moisture in addition to 

TABLE 1 


Composition of soilsf plot size, and number of replicates used in field tests 


SOIL TYPE 

pH 

ORGANIC 

MATTER 

MOISTURE 

EQUIVALENT 

FIELD PLOT 
SIZE 

NUMBER OF 
REPLICATES 

Lakeland fine sand—I. 

5.89 

per cent 

0.93 

per cent 

3.1 

sq.yd. 

1.64 

3 

Lakeland fine sand—II. 

5.80 

1.57 

5.3 

4.92 

2 

Lakeland fine sand—III. 

5.97 

1.09 

4.0 

2.42 

2 

Archer very fine sand. 

5.99 

2.14 

6.4 

16.70 

2 

Hernando fine sand. 

6.01 

1.84 

5.2 

15.36 

2 

Fellowship clay loam. 

5.83 

1.55 

14.8 

12.50 

2 



TABLE 2 

Analysis of cynamid from freshly opened 100-pound bags of different ages 

PESCENXAGE OF NITROGEN 



Guaxantee 

1 week* 

22 weekst 

Calcium cyanamide. 

16.12t 

Not stated 

16.20 

14-03 

Dicyandiamide. 

2.53 

4.20 

Total nitrogen. 

20.6 

20.14 

20.12 



* Time held after receipt from American Cynamid Company. 

t Time held after procuring from fresh local supply. 

t Composition stated on the bag as 46 per cent calcium cyanamide and 54 per cent 
inactive ingredients. 

rainfall. During dry periods, they had adequate opportunity to become moder¬ 
ately dry. Test plots were treated in early October and tobacco was seeded be¬ 
tween December 25 and January 5. In laboratory tests the chemical was thor¬ 
oughly mixed with the soil and then made up to predetermined field-capacity 
moisture for any given period of incubation. 

A modification of Matthews’ aspiration method (7) involving mechanical 
shaking of the replacement chamber was devised for determination of ammonia. 
Methods for hydrogen cyanamide and dicyandiamide were modified to reduce 
errors introduced by the soluble organic matter present in chemically treated 
beds. Four hundred grams of moist soil was placed in 400 ml. of water, 1 level 
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tablespoon of precipitated calcium sulfate added, and the suspension shaken 1 
hour and filtered. Aliquots of this were then taken for hydrogen cyanamide de¬ 
termination by precipitation as silver cyanamide, and for dicyandiamide de¬ 
termination by the silver-picrate-monocyanoguanidine method proposed by 
Harger (4) with the following modification: Fifteen ml. of 6 per cent picric acid 
solution in alcohol was used in place of 100 ml. of 1 per cent water solution of 
picric acid. The resultant 85 ml. of solution volume saved was substituted with 
additional soil extract, thereby almost doubling the sensitivity of the method. 
The use of alcoholic picric acid gave no measurable change in the solubility 
correction value for the method. Analysis of precipitates obtained from field plot 
extracts gave total nitrogen values of 22.4 to 22.7 per cent; and from pure di¬ 
cyandiamide, 22.7 per cent; as against a theoretical 23 per cent based on the 
formula CeH 2 (N 02 ) 30 Ag*C 2 H 4 N 4 proposed by Harger. 

The extraction procedure accounted for all but 2 ppm. of an application of 
280 ppm. of H 2 CN 2 nitrogen and 9 ppm. of an application of 123 ppm. of 


TABLE 3 

Change in soil pH following repeated annual use of cyanamid and uramon for weed control 

on Lakeland fine sand-I* 


TREATMENT PER SQUARE YARD 

SOIL pH 

Initial 
composite, 
Oct., 1945 

Oct., 1946 

Oct., 1947 

Oct., 1948 

1 lb. Uramon. 

5.89 

6.63 

6.51 

6.72 

1 lb. Cyanamid. 

5.89 

7.68 

8.03 

7.85 

1 lb. Uramon plus J lb, Cyanamid_ 

5.89 

7.28 

7.77 

7.78 

Check. 

5.89 

6.18 

6.06 

6.37 


* Samples were taken just before treatment each fall. 


(H 2 CN 2)2 nitrogen both applied as concentrated solution to Lakeland fine sand. 
Silver-picrate-monocyanoguanidine is very soluble in water, whereas the silver- 
saturated organic matter contamination is not. A corrected value was obtained 
by washing the silver-picrate-monocyanoguanidine through the crucible with 
copious ^oimts of water and obtaining its true weight by difference. 

RESULTS 

Effect of treatment on soil pH, ammonia, nitrafes, and nitrites 

Repeated annual applications of Uramon and Cyanamid singly and in com¬ 
bination to plantbeds on Lakeland fine sand-I all resulted in an increased soil 
pH, as shown in table 3. 

Maximum effective pH apparently was reached in two annual treatments. 
Plantbed fertilizer probably had some effect, as shown by the check. The pH 
change from the time of the second annual treatment in October of 1946 until 
seeding time is shown in figure 1. The fact that the pH following Uramon alone 
drops rapidly back toward neutral, whereas the pH following Uramon plus only 
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Fig. 1. pH Changes in Lakeland Fine Sand Following the Second Annual 
Application op Weed Contbol Chemicals 
Application rates per square yard 



Fig. 2. Ammonia Nitbogbn in Lakeland Fine Sand apteb Treatment with 
Weed Control Chemicals 
Application rates per square yard 

i pound of Cyanamid holds above that following a full pound of Cyanamid, sug¬ 
gests that the retarding eiBfect of Cyanamid on nitrification of ammonia from the 
Uramon is a factor over and above the alkalinity supplied by the Cyanamid. 

Figure 2, showing the levels of ammonia between the 35th and 74th days, and 
figure 3, giving the buildup of nitrates, substantiate the foregoing conclusion. 
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Fig. 3. Nitrate Nitrogen in Lakeland Fine Sand after Treatment with 
Weed Control Chemicals 
Application rates per square yard 



Fig. 4. Nitrite Nitrogen in Lakeland Fine Sand after Treatment with 
Weed Control Chemicals 
Application rates per square yard 


Cyanamid retarded nitrification to some extent for the entire 74 days. In the 
absence of Cyanamid, nitrification accelerated rapidly begiiming about the 20th 
day after treatment. Prior to this time the high pH resulting from the ammonia 
apparently retarded nitrification even in the absence of Cyanamid, as shown by 
figure 3'- The explanation probably lies in data given by figure 4 on the buildup 
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of nitrites in XJramon and Uramon plus lime treatments. The so-called ^‘thresh¬ 
old” pH of 7.7 established by Martin et al, (6) was exceeded, suggesting that high 
pH was the reason that conversion of ammonia stopped at the nitrite stage, 
probably as a result of partial sterilization or inactivation with respect to nitrate- 
forming organisms. 

It is of interest to note that nitrites did not form in significant quantity from 
Uramon when Cyanamid was present, indicating that the latter was inhibiting 
to nitrite-formers. Possibly this is a limiting function of Cyanamid in the re¬ 
tardation of nitrification previously mentioned, if formation of nitrites is con¬ 
sidered as an essential step in conversion of ammonia to nitrates. Tobacco seed¬ 
ling injury attributed to high nitrite nitrogen found to be present has been noted 
at times following the use of Uramon in the weed control treatment. 

Persistence of hydrogen cyanamide and dicyandiamide in the soil 

Data in table 4 were obtained from first season treatments carrying Cyanamid, 
except those for Fellowship clay loam, which were taken following the third 
annual treatment, and those from one test on Lakeland fine sand-I, which fol¬ 
lowed the fourth annual treatment. The amount of dicyandiamide found in the 
Lakeland fine sand-I, 32 days after treatment, averages 60 per cent of the original 
nitrogen applied in the 1 pound of Cyanamid per square yard based on a 5-inch 
depth of sample®. The original material carried dicyandiamide nitrogen of about 
2.53 per cent and calcium cyanamide nitrogen of 16.2 per cent according to 
analysis of similar fresh material (table 2), therefore it is assumed that up to 61 
per cent of the applied calcium cyanamide nitrogen was accounted for as dicyan¬ 
diamide nitrogen 32 days after applicatoin. The relative amount held in the clay 
loam was still higher but is assumed to be a function of reduced leaching rather 
than greater initial formation. The amount remaining from the combination of 1 
pound of Uramon with ^ pound of Cyanamid was significant only in Fellowship 
clay loam and Lakeland fine sand-I. The difference between the first and fourth 
year tests on the latter soil correlates with soil pH and may be a response to its 
effect on dicyandiamide formation. 

Up to 54 ppm. of dicyandiamide nitrogen was still present in the light soils at 
planting time 87 days after treatment. Leaching undoubtedly plays a dominant 
role in removal of toxic residues, especially in the case of the dicyandiamide which 
tends to resist decomposition for such an extended period. It is evident that given 
the proper conditions of pH, soil type, and dry weather, sufficient dicyandiamide 
could persist to be a factor in germination of tobacco seed. The bed on Archer 
very fine sand showed evidence of toxicity assumed to be dicyandiamide injury. 

Because of the known influence of factors such as poor distribution of Cyan¬ 
amid, excessive drying, and leaching in field plantbeds, it was thought desirable 
to determine the rate and type of decomposition of high amounts of Cyanamid 
in soil under controlled conditions. Granular Cyanamid from freshly opened 
bags 22 weeks after procurement was added at rates of 0.5, 1.0, and 1.5 gm. to 

^ Lakeland fine sand has been measured at 1,040 tons per acre 6 inches. 
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TABLE 4 

Persistence of dicyandiamide and hydrogen cyanamide in field planibeds 
Treated October 11, 1948. One pound of Cyanamid per square yard approximates 576 
ppm. nitrogen per acre 5 inches of Lakeland fine sand. 





1 LB. CVANAMID PEE SQUARE YARD 

i LB. CYANAUm PLUS 1 LB. 
URA1I017 PER SQUARE YARD 


YEAR 

SOIL 

pH 

HaCNa 

1 


1 

HiCNa 




SOIL TYPE 

TEEAT- 

Oct. 11, 

as 

(HaCNajj as ppm.-N 

as 

(HaCNa)j as ppm.-N 


MENT 

1948 ' 

ppm.-N 




ppm.-N 







Nov. 12, 

Nov. 12, 

Dec. 3. 

Jan. 6, 

Nov. 12, 

Nov. 12, 

Dec. 3, 

.Jan. 6, 




1948 

1948 

1948 

194» 

1948 

1948 

1948 

1949 

Archer very fine sand 

1st 

5.99 

0 

263 

189 

54 

0 

7 



Lakeland fine sand— 











II. 

1st 

5.80 

0 

185 

19 

0 

0 

4 



Hernando fine sand... 

1st 

6.01 

0 

250 

23 

11 

0 

5 



Lakeland fine sand— 











I. 

1st* 

6.73 

36 

360 

225 

31 

17 

59 

40 

0 

Fellowship clay loam.. 

3rd 

6.70 

32 

442 

435 

125 

12 

143 

87 

23 

Lakeland fine sand— 











I. 

4th 

7.49 

17 

329 

1 

233 

26 

27 

113 

87 

11 


* These beds had been used before but not with Cyanamid. The pH was raised by pre¬ 
vious fertilization. 



Fig. 5. Dbcx)mposition op Calcium Cyanamide and Formation and Decomposition op 
Dicyandiamide in Lakeland Fine Sand at Field-Capacity 
Moisture in Laboratory Tests 

Rates are approximate field applications per square yard. See text for exact weight ratio. 

400 gm. of Lakeland fine sand-III at field capacity, and allowed to incubate 
at room temperature. Samples were removed after various time intervals and 
analyzed for H 2 CN 2 and ^ 2 CN 2 ) 2 . Results are presented in figure 5. Initial 
points at 0 time represent the amounts present in the material added. 
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There was a rapid initial drop in cyanamide in 10 days, and cyanamide had 
largely disappeared in 40 days. Dicyandiamide, however, increased where the 
1.5-gm. application had been made. By the end of 20 days, it had about doubled 
and at 40 days it was still considerably above the original amount. The inter¬ 
mediate quantity was back about to an equivalent of that added, while the 
lowest quantity had gone through a more or less constant decrease. 

Figure 6 summarizes the results in figure 5 to show an important relationship 
thought to be a factor of granulation of Cyanamid. After the initial drop of total 
H 2 CN 2 plus (H 2 CN 2)2 during about the first 15 days, the slopes of the curves are 
about parallel. This shows that further disappearance of the combined materials 
was probably a function of'the original number of granules and that it was of 
approximately equal rate per unit of surface area. Horizontal displacement of the 
curves indicated that less cyanamide plus dicyandiamide was left in granules of 



Fig. 6, Rate of Disappearance of Cyanamide plus Dicyandiamide Nitrogen 
FROM Lakeland Fine Sand at Field-Capacity Moisture in 
IN Laboratory Tests 

Rates are approximate field applications per square yard. See text for exact weight ratio. 

lower application levels as a result of an initially different rate of disappearance 
until the fifteenth day, but that thereafter the granule crust had become uniform 
for all levels of application and thence diffusion of soluble material through it was 
uniform and proceeded as described above after the fifteenth day (10). The fact 
that these data were obtained on soil probably ideally moist for normal hydrolysis 
of cyanamide to urea and that the ratio of Cyanamid to soil would represent ideal 
mixing must be considered. Under field conditions, poorer distribution both in 
depth and completeness and the effect of periodic drying of cyanamide granules 
near the surface could easily halve the critical amount applied to give the same 
results (10). 

Effect of leaching on efficiency of weed control 

It had been noted that moderately heavy rains within a day or two after treat¬ 
ment could render Uramon ineffective in killing weed seeds but did not materially 
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affect Cyanamid. To examine this factor, 1-pound rates of Cyanamid and Ura- 
mon, singly, and in combination of 1 pound plus i poimd, respectively, were 
applied in duplicate to field plots and incorporated in the usual manner. Soil 
samples were taken immediately. The intention was to add a measured amount 
of water to determine its effect on movement of the chemicals, but 1.6 inches of 
rain fell within the next 2 hours. Soil samples were taken the next day when it 
was assumed that the surface soil had reached field capacity. Both these and pre- 
rainfall samples were analyzed for total nitrogen. After deduction of a soil blank, 
data showed that 85 per cent of the Uramon nitrogen had disappeared from the 
surface 6 inches of soil while only 48 per cent of the Cyanamid had disappeared. 
Weed control was good where Cyanamid alone or in combination had been used, 
but Uramon alone gave no weed control. 



IG. 7. COMPAEATIVB RaTES OF LeACHING OF NiTROGEN FROM LaKBLAND FiNB SaND FOL¬ 
LOWING Application of 0.5 om. of Uramon or Ctanamid to 200 gm. op Soil after 
Standing J Hour or 20 Hours at Field-Capacity Moisture 

Better controlled laboratory tests were made by adding the equivalent of 0.6 
gm. of Uramon or Cyanamid to 200 gm, of soil in a 4J-inch Buchner funnel and 
making up to field-capacity moisture for incubation at room temperature. In one 
set of tests the incubation was allowed to proceed for | hour; in another, it was 
allowed 20 hours. The funnels were then leached with aliquots of water equal to 
I inch, J inch, and 1 inch in succession, a total of If inches through a given 
funnel. Each funnel was sucked free of any water that would immediately come 
through the soil. Thirty minutes was allowed for each aliquot to soak the soil 
before the suction was applied. Results on total nitrogen less a soil extract blank 
appear in figure 7. 

The test is entirely arbitrary but serves to show the difference in mobility of 
the materials in soil. Uramon was readily soluble and its removal dependent 
apparently only on the degree of replacement of the soil solution. The drop in 
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total nitrogen obtained from the Uramon treatment after 20 hours could be 
attributed to partial conversion to ammonia and retention in that form. Data on 
the Cyanamid ^ow that mobility is much less at | hour than at 20 hours, indi¬ 
cating that the rate of solubility of the granular material is probably the factor 
involved. The results in general substantiate field observations that rainfall suflS- 
cient to remove virtually all of the Uramon immediately after application would 
move approximately one half of an equal weight of Cyanamid. 

The relative ease with which materials may be leached enhances the value of 
speed of seed kill following application. Table 5 presents results obtained on 
millet, radish, and mustard seeds used as a measure of relative effectiveness. 
Seeds were placed in filter paper envelopes and embedded in beakers of soil, at 
field capacity, carrying the various chemicals mixed through it at a weight-ratio 
approximating field application incorporated to a 3-inch depth. They were re¬ 
moved after 2 and 5 days and germination tests made at room temperature. 

TABLE 5 

Effectiveness of cyanamid and uramon in killing weed seeds in Lakeland fine sand at 60^F. 

Results are from duplicate tests of 50 seeds each 




2-day treatment 



5-day treatment 



Germination 

Germination 

Germination 

Germination 

400 OM. SOIL 

24 hr. at 78T. 

72 hr. at 78®F. 

24 hr. at 78‘'F. 

72 hr. at 78“F. 


Mil- 

Mus- 

Rad- 

! Mil- 

* Mus- 

Rad- 

Mil- 

Mus- 

Rad- 

Mil- 

Mus- 

Rad- 


let 

tard 

ish 

let 

tard 

ish 

let 

tard 

dish 

let 

tard 

ish 


% 

% 

% 

% 

% 

% 

% 

% 

% 

% 

% 

% 

2 gm. Cyanamid. 

0 

1 

1 

2 

10 

28 

0 

0 

0 

1 

0 

0 

2 gm. Uramon. 

2 gm. Uramon plus 

79 

74 

97 

76 

85 

98 

0 

0 

1 

0 

0 

1 

1 gm. Cyanamid... 

1 

2 

9 

7 

5 

47 ! 

0 

0 

0 

0 

0 

0 

None. 

81 

70 

98 

81 

77 

98 

67 

75 

98 

67 

77 

99 


Cyanamid was readily effective. Crowther and Kichardson (3) report that pene¬ 
tration of the seed by the CNa ion is all that is necessary, changes attending 
germination being unessential. Uramon, however, was not effective when left in 
contact 2 days, but seed left in contact 5 days were effectively killed. On the 
assumption that ammonia was the killing agent in the Uramon treatment, 5 days 
probably represented the time necessary for its effective accumulation from the 
conversion of urea. Urea itself, absorbed by the seed in 2 days, apparently was 
not effective in killing the seed. 

If ammonia is the effective agent as indicated, then factors such as soil tem¬ 
perature and pH might be significant, the latter especially so if free ammonia is 
more effective than that combined with the exchange complex or strong anions. 
The temperature of Lakeland fine sand at the 4-mch depth at Gainesville varies 
from about 82'’F. on October 1 to 58°F. on January 1, the period covering the 
weed control treatment. It fluctuates as much as 20 degrees between night mini- 
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mum and day maximum and usually shows at least half the fluctuation noted for 
air temperatures during a given 24-hour period*. 

A test in which ammonia evolved at various temperatures was measured with¬ 
out air movement over the soil was made by adding 0.23 gm. of Uramon to 100 

TABLE 6 

Effect of tem'peratures on rate of conversion of Uramon and evolution of NHz following addition 
of OM gm, of Uramon to 100 gm, of Lakeland fine sand 
Results are averages of duplicate tests using absorbers consisting of 10 per cent H2SO4 
in crucibles on soil in pint Mason jars with rubber rings but unsealed. 



TIME 

58“F. 

79®F. 

90“F. 

pH of soil not air-dried 

hours 

12 

5.81 

8.32 

1 8.48 


36 

8.62 

8.92 

8.92 


60 

8.91 

9.05 

9.00 


84 

8.92 

8.96 

8.86 


156 

8.99 

8.90 

8.78 

Evolved NHa-nitrogen, 

12 

0.0 

0.1 

0.1 

percentage of applica¬ 

36 

0.1 

1.2 

3.4 

tion 

60 

0.5 

8.7 

20.3 


84 

3.1 

23.1 

36.9 


156 

26.5 

43.6 

55.8 

NHs-nitrogen held by 

12 

6.5 

9.8 

14.3 

moist soil, percentage 

36 

16.6 

34.2 

45.3 

of application 

60 

28.5 

58.8 

68.6 


84 

46.5 

65.7 

57.8 


156 

67.0 

56.1 

43.6 

NHj-nitrogen held by 

1 

12 

— 

— 

— 

air-dry soil, percent¬ 

36 

15.9 

26.5 

29.6 

age of application 

60 

22.9 

32.3 

37,2 


84 

31.3 

35.4 

37.0 


156 

49.5 

42.6 

34.4 

Percentage of application 

12 

94.5 

90.1 

85.6 

not accounted for as 

36 

83.3 

64.6 

51.3 

NHs 

60 

71.0 

32.5 

11.2 


84 

50.2 

11.2 

5.3 


156 

7.5 

0.3 

0.6 


gm. of Lakeland fine sand at field-capacity moisture in pint Mason jars and ab¬ 
sorbing evolved ammonia in 10 per cent H 2 SO 4 on glass wool in a crucible placed 

^ Data obtained by the U. S. Department of Agriculture Tung Laboratory, Gainesville, 
Florida. 
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in the jar. The jars were closed with rubber rings and glass tops but not sealed. 
Temperatures of 58, 79, and 90®F. were used. The test was conducted so that 
duplicate jars could be removed for analysis at each time interval for each tem¬ 
perature. Results are reported in table 6. 

The maximum soil pH reached was about 9.0 for any temperature. This 
dropped to about 8.6 on air-drying. Evolved ammonia showed an approximate 
correlation of 60 hours for 90°, 84 hours for 79^, and 166 hours for 58°. Ammonia 
held by the moist soil at these times was at a maximum and was approximately 
equal for each temperature, showing that high rate of evolution at high tempera¬ 
tures is the result of rate of decomposition rather than accelerated rate of evolu¬ 
tion from otherwise equivalent decomposition. Ammonia nitrogen in the soil at 



Fig. 8. Effect of Soil pH and Cyanarud on Peodttction and Evolution of 
A itfMONiA from 0.23 GM. Uramon in 100 GM. Lakeland Fine Sand 
AT Field-Capacity Moisture 

the end of the 156-hour period plus that evolved accounted for 92.5, 99.7, and 
99.4 per cent of total applied nitrogen for low to high temperatures, respectively. 
The ammonia level after air-drying of the soil supports the contention that am¬ 
monia replaces calcium in the exchange complex as calcium is precipitated by 
CO 2 . At the high temperatures ammonium carbonate would be more rapidly 
decomposed and CO 2 and NHs more readily volatilized, therefore less effective in 
precipitating calcium from the exchange complex. 

Figure 8 shows the rate of evolution of ammonia at room temperature from 
TJramon applied to Lakeland fine sand-III at pH 6.0 and 7.0, and from a combi¬ 
nation of Uramon and Cyanamid on soil at pH 6.0. Uramon was applied at the 
rate of 0.23 gm. to 100 gm. of soil and Cyanamid at half this rate. The soil was 
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selected from a series of plots previously limed in the field to produce the different 
pH values. Incubation was carried out in 300-ml. Erlenmeyer flasks through 
which was slowly drawn ammonia-free air brought to equivalent temperature and 
saturated with moisture. Evolved ammonia was absorbed in a bead column of 
standard acid. The lower evolution at pH 6.0 could be almost entirely accounted 
for by ammonia found to be retained in the soil at pH 6.0 as compared to pH 7.0. 
The ammonia evolved plus that residual in the soil at the end of the test period, 
expressed as percentage of application, was 93.2, 102.7, and 99.9 for the pH 6.0 
Uramon, pH 6.0 combination, and pH 7.0 Uramon treatments, respectively. 
Only 6.7 per cent might be attributed to increased biochemical activity brought 
about by raising the pH. 

The increased evolution of ammonia from the combination treatment as com¬ 
pared to Uramon alone is probably a similar function of the alkalinity supplied 
by the Cyanamid. Cyanamid did not inactivate the breakdown of urea, nor did 
total ammonia figures indicate significant contribution from its own decompo¬ 
sition. 


SUMMARY AND CONCLUSIONS 

Repeated use of § pound or more of Cyanamid per square yard in weed control 
treatment for tobacco plantbeds on light sandy acid soils resulted in residual pH 
values of 7.8 to 8.0. A poimd of Uramon alone increased the pH suflBicientiy above 
the threshold value of 7.7 to inhibit rapid nitrate-nitrogen production but per¬ 
mitted formation and accumulation of nitrite nitrogen. A pound of Uramon plus 
I poimd of calcic lime permitted accumulation of 21 ppm. of nitrite nitrogen 35 
days after treatment, '^en Cyanamid was added to the Uramon, formation of 
nitrites was inhibited and ammonia and pH remained high for at least 74 days. 

Up to 61 per cent of the calcium cyanamide nitrogen in a pound application of 
Cyanamid was accounted for as dicyandiamide nitrogen 32 days after treatment, 
and 28 ppm. was still present 87 days after treatment in Lakeland fine sand. 
Repeated use of this amount of Cyanamid apparently did not enhance the 
amount of dicyandiamide formed, but annual repetition of the combination 
treatment carrying only half this amount of Cyanamid apparently did build up 
the pH and increase the formation of dicyandiamide over that of the first year, 
when the quantity formed was not significant for acid soils. Hydrogen cyanamide 
did not persist in measurable quantity after about the first month in any instance. 

Determination of the rate of formation and decomposition of dicyandiamide 
under ideal conditions of mixing with Lakeland fine sand at field-capacity mois¬ 
ture in the laboratory showed a build-up of dicyandiamide nitrogen from heavy 
applications but not of the magnitude observed in the field where the usual prac¬ 
tice introduced poor control of these factors. Latent removal of cyanamide and 
dicyandiamide appeared to be a function of rate of diffusion out of the Cyanamid 
granule rather than state of conversion or absorption by the soil itself. 

Uramon was found to be so readily soluble and mobile in the soil that a given 
rainfall should be expected to remove it to the extent that the soil solution would 
be displaced. Rainfall sufficient to remove virtually all the Uramon would be 
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expected to move approximately half of an equal application of Cyanamid. This 
largely explained the lack of efficiency of XJramon when rains followed immediately 
after treatment. 

Cyanamid, upon absorption, was immediately effective in killing certain seeds, 
but XJramon apparently was ineffective until a significant amount had been con¬ 
verted to ammonia, a process apparently requiring more than 2 but less than 5 
days at approximate fall soil temperatures. Soil temperature was found to have a 
marked effect on the rate of decomposition of urea; the higher the temperature, 
the greater the rate of ammonification. 
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It is well known that when young succulent plant materials are incorporated 
into a soil they decompose rapidly and release a considerable portion of their 
nitrogen within a few days. In contrast, when matme woody materials are added 
to a soil they decompose more slowly and commonly retard crop growth unless 
supplemental nitrogen is applied. These facts have led many to believe that 
green manure carbon is so readily lost from soil that its addition, although of 
marked immediate benefit, is of little value in the maintenance of soil organic 
matter. In the previous paper (2) of the present series data were presented which 
show that green manure carbon is often held almost as tenaciously as is the car¬ 
bon from brown manures. A year after incorporation of green oats into soil or 
sand-colloid mixtures an average of 34 per cent of the carbon remained; where 
wheat straw plus urea to give the same carbon-nitrogen ratio was added, 38 per 
cent of the carbon remained. The corresponding figures for the carbon of green 
soybean plants and com stover plus urea were 28 and 38 per cent, respectively 
The present paper reports additional experimental work similar in many respects 
to that just mentioned and supplemental to it. 

The primary purposes of the work reported here were (a) to obtain further 
direct comparisons of the stability, or persistence, of the carbon of green manures 
with that of mature materials when used as humus^ sources, and (b) to deter¬ 
mine to what extent nitrogen additions made to crop residues of wide carbon- 
nitrogen ratios tend to hold the carbon from these residues in the soil, as some 
workers (1, 5, 10, 12, 14) have reported or inferred. In addition, information 
was desired on the magnitude of the nitrogen gains through biological fixation, 
and on gaseous losses of nitrogen following addition of the various types of plant 
materials. Comparatively few data are available from long-time, carefully 
planned experiments that deal with these phases of humus formation. 

EXPERIMENTAL METHODS 

The methods used were, with minor exceptions, the same as given in the pre¬ 
ceding paper (2). The composition of the organic materials used is given in 
table 1. They were added in sufficient quantities to supply 1 per cent carbon 
in all cases. All tests were made in beakers at 28°C. in the same Cecil clay loam 

1 Division of Soil Management and Irrigation, Bureau of Plant Industry, Soils and Agri¬ 
cultural Engineering, Agricultural Research Administration, Beltsville, Maryland. 

® The term “humus” is used to designate the well-decomposed portion of organic matter 
that has largely lost its original structure. 
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subsoil (6-14 inches) used previously. This soil had a pH value of 4.9. The rate 
of application of calcium carbonate, where used, was 0.5 per cent. Urea was 
added in some instances together with the organic materials in amoimts suffi¬ 
cient to make the carbon-nitrogen ratio 10. The soils were maintained at opti¬ 
mum moisture content and were not stirred during the experiment. Each anal¬ 
ysis represented a soil from a different beaker rather than one of several samplings 
from the same bealser. At the end of the incubation period the soils were air-dried, 
ground in a ball mill, and analyzed for total carbon by the wet combustion 
method previously described (2). Nitrogen analyses were made by the Kjeldahl 
method using salicylic acid to include nitrates. All soil treatments were made 
in duplicate with single analyses for each sample. 


TABLE 1 


Composition of organic materials 


MATESIAL 

CASBON 

miROOEN 

C/N ItATIO 

LIGNIN 


per cent 

per cent 


per cent 

Casein. 

47.9 

15.6 

3.1 

— 

Bluegrass. 

41.7 

4.3 

9.7 

5.3 

Oats. 

39.3 

3.7 

10.6 

4.9 

Millet, young. 

39.4 

3.7 

10.7 

6.3 

Soybeans. 

42.6 

2.8 

15.0 

9.7 

Lespedeza. 

44.3 

2.6 

18.1 

14.2 

Millet, intermediate. 

43.3 

1.3 

34.1 

11.0 

Oak leaves. 

46.3 

0.7 

64.3 

21.9 

Wheat straw. 

43.1 

0.6 

73.0 

16.4 

Corn stover. 

44.0 1 

0.4 

102.4 

15.1 

Cellulose. 

44.4 1 

— 

— 

— 


EESULTS 

Humus farmoMon from succulent green plant materials in add Cedi day loam 

Table 2 shows the percentages of the added green manure carbon remaining 
in the soil after varying periods. Five young plant materials were used, three of 
which were especially succulent. Soybeans and lespedeza were slightly more 
fibrous than were bluegrass, oats, and millet but were typical green manure 
crops. When harvested, the soybeans were just starting to form pods and the 
lespedeza was in the blossom stage. A protein, casein, was included for com¬ 
parison. 

At the end of 1.5, 4, and 12 months of decomposition of the five plant mate¬ 
rials in the soil the green manure carbon remaining averaged approximately 49, 
40, and 36 per cent, respectively. The corresponding average values for the 
three most succulent materials were 48, 39, and 33 per cent. The values for 
casein, namely 25, 17, and 15 per cent, were lower but yet relatively high iu 
view of the rate at which this protein is known to decompose apart from soil 
and the fact that it contains no lignin or lignin degradation products so impor- 
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tant in humus formation. Neither these nor the earlier findings (2) indicate that 
green manure carbon disappears from a soil as quickly and completely as is gen¬ 
erally believed. 

HumuB formation from mature plant materials in add Cedi clay loam with and 

without fertilizer nitrogen 

The results of studies similar to those reported in table 2 but with more woody 
plant materials are reported in table 3. The materials include millet, which was 
nearly mature, oak leaves, wheat straw, and com stover. Cellulose in the form 
of ground filter paper w^as included for comparison. Since most of these materials 
were markedly deficient in nitrogen, sufldcient fertilizer nitrogen was added to 
one set of samples to make the carbon-nitrogen ratio of added materials 10. 
This quantity of nitrogen was known to be much in excess of that required for 


TABLE 2 

Organic carbon retention in unlimed Cecil clay loam following addition of 1 per cent carbon 
in the form of succulent green manures or protein 


TESATMEMT 

C/N RATIO 

OF ADDED 

icaterials 

CARBON PRESENT AFTER 

1.5 months 

4 months 

12 months 


Total C 

Added C* 

Total C 

Added C* 

Total C 

Added C* 



per cent 

per cent 

per cent 

per cent 

per cent 

per cent 

None. 


.427 


.424 


.403 


Casein. 

3,1 

.677 

26.0 

.598 

17.4 

.556 

15.2 

Bluegrass clippings. 

9,7 

.909 

48.2 

.819 

39.5 

.745 

34.2 

Oats. 

10.6 

.900 

47.3 

.801 

37.7 

.732 

32.9 

Millet. 

10.7 

.913 

48.6 

.826 

40.2 

.732 

32.9 

Soybeans. 

15.0 

.895 

46.8 

.820 

39.6 

.779 

37.6 

Lespedeza. 

18.1 

.986 i 

55.9 

.867 

44.3 1 

.812 

40.9 


* Portion of added organic carbon remaining. The difference required for significance 
between these treatment means is 3,7 at the 6 per cent level and 5.0 at the 1 per cent level. 


a maximum rate of decomposition but was used in order to make the results 
comparable with those of some of the earlier workers. A nitrogen content of 1,2 
to 1.5 per cent, which corresponds to a carbon-nitrogen ratio of about 28 to 35, 
is adequate (7) for a near-maximum rate of humification of crop residues. By 
use of urea as the nitrogen source, toxic residues were avoided and hkewise any 
danger from excess nitrogen. Urea quickly goes to ammonia, which is readily 
used by microorganisms, or if formed in excessive amounts, some of it may 
escape as gas, especially in a limed soil. 

In considering the data in table 3 and in one of the later tables (table 5), one 
should bear in mind that the figures show the percentages of the added carbon 
remaining after various incubation periods. It is not to be inferred that this car¬ 
bon is all humus carbon. As pointed out in the previous paper, the methods for 
determining humus carbon are so unsatisfactory that it seemed best to deter¬ 
mine total residual carbon only. In many cases, such as where a green manure 
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crop has been allowed to decompose for 6 months or longer under optimum con¬ 
ditions, it is safe to assume that virtually all of the residual carbon is well humi¬ 
fied. Likewise, more fibrous materials, such as straw, should be rather thoroughly 
humified after a year if adequate combined nitrogen to permit maximum bio¬ 
logical action was supplied. Without the extra nitrogen, however, the crop resi¬ 
due may still be present in only a partly decomposed state. 

Table 3 shows that the percentage of the carbon added as millet, wheat straw, 
and com stover that remained after 1.5, 4, and 12 months averaged 68, 59, and 
47, respectively, where no urea was supplied; where an abundance of supple¬ 
mental nitrogen was added the corresponding figures were 48, 42, and 38. If 
oak leaves and cellulose, which are not typical of crop residues, are included the 

TABLE 3 

Organic carbon retention in unlimed Cecil clay loam following addition of 1 per cent carbon 
in the form of mature (or nearly mature) plant materials and with or without 
supplemental nitrogen 


TBEATUENT 

C/N RATIO 

OP ADDED 
MATERIALS 

CARBON PRESENT APTER 

1.5 months 

4 months 

1 12 months 

Total C 

Added C* > 

Total C 

Added C* 

Total C 

Added C* 



fer cent 

per cent 

per cent 

per cent 

per cent 

per cent 

None. 


0.427 


0.424 


0.403 


Millet, heads formed.... 

34.1 

0.977 

55.0 

0.901 

47 J 

0.798 

39.5 

Millet + urea. 

10.0 

0.916 

48.9 

0.858 

43.4 

0.790 

38.7 

Oak leaves. 

64.3 

1.206 

77.9 

1.117 

69.3 

0.948 

54.5 

Oak leaves + urea. 

10.0 

1.082 

65.5 

1.011 

58.7 

0.917 

51.4 

Wheat straw. 

73.0 

1.193 

76.6 

1.062 

63.8 

0.920 

51.7 

Wheat straw + urea.... 

10.0 

0.931 

50.4 1 

0.847 

42.3 

0.783 

38.0 

Corn stover. 

102.4 

1.157 

73.0 

1.064 

64.0 

0.890 

48.7 

Corn stover 4- urea. 

10.0 

0.875 ! 

44.8 

0.827 

40.3 

0.777 

37.4 

Cellulose.. 


1.346 

91.9 

1.157 

73.3 

1.178 

77.5 

Cellulose + urea. 

10.0 

0.990 

56.3 

0.800 

37.6 

0.726 

32.3 


* Portion of added organic carbon remaining. The difference required for significance 
between these treatment means is 4.8 at the 6 per cent level and 6.4 at the 1 per cent level. 


average values for the thi'ee periods in the absence of nitrogen are 75, 64, and 
54; where urea was present the averages are 53, 45, and 40. These data show 
that addition of fertilizer nitrogen to carbonaceous crop residues incorporated 
into the soil is not necessary to hold the maximum amount of carbon. If nitro¬ 
gen is added, the decay processes are accelerated, as has frequently been shown, 
and humus formation is favored. The results show that where nitrogen is de¬ 
ficient there is no excessive loss of carbon dioxide; on the contrary, the plant 
materials tend to remain in a partly decomposed state. From the practical 
standpoint, there are many good reasons for appl 3 dng supplemental nitrogen 
when materials of wide carbon-nitrogen ratio are turned under, especially if a 
crop is to be planted soon, but to add fertilizer nitrogen for the sole purpose of 
holding the added carbon would appear from these data to be a practice with¬ 
out scientific basis. 
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In the presence of urea the percentages of the added carbon remaining after 
a year were for oak leaves 51, millet 39, wheat straw 38, corn stover 37, and 
cellulose 32. Most of the carbon loss occurred during the first 6 weeks but after 
the readily decomposable materials had been utilized, humification proceeded 
very slowly. The average value of 38 for the three typical carbonaceous plant 
materials is only slightly higher than the value of 36 reported in table 2 for the 
five succulent materials (or 33 for the three very young green crops). These 
values agree closely with those presented in the previous paper of this series. 
Per unit of carbon added, most succulent green manures seem to furnish carbon 
that is about 80 to 90 per cent as permanent in the soil as is mature plant car¬ 
bon. In both cases a considerable, but unknown, portion of the added plant car¬ 
bon is transformed into microbial carbon. When it is in this form, its resistance 


TABLE 4 

Organic carbon retention in limed Cedi clay loam following addition of 1 per cent carbon 
in the form of succulent green manures or protein 


TREATMENT 

C/N RATIO 

OF ADDED 
MATERIALS 

CARBON PRESENT AFTER 

1.5 months | 

1 4 months | 

12 months 

Total C 

Added C* 

Total C 

Added C* 

Total C 

Added C* 



per cent 

per cent 

per cent 

per cent 

per unt 

per cent 

None. 


.383 


.373 


.355 


Casein. 

3.1 

.655 

27.2 

.572 

19.9 

.551 

19.6 

Bluegrass clippings. 

9.7 1 

.789 

40.6 

.765 

39.2 

.647 

29.2 

Oats.. 

10.6 

.850 1 

46.7 

.785 

41.2 

.672 

31.7 

Millet, young. 

10.7 

.801 1 

41.8 

.776 

40.3 

.691 

33.6 

Soybeans. 

15.0 

.825 

44.2 

.801 

42.8 

.690 

33.5 

Lespedeza. 

18.1 

.868 

48.5 

.851 

47.8 

.727 

37.2 


* Portion of added organic carbon remaining. The difference required for significance 
between these treatment means is 3.7 at the 6 per cent level and 5.0 at the 1 per cent level. 


to decay would, of coume, be largely independent of the nature of the material 
from which it was derived. 

Humm formation from succulent green plant materials in limed Cecil clay ham 

It is a well-known fact that additions of lime to an acid soil usually accelerate 
the decomposition of added organic materials. Less is known about the effect of 
lime on the percentage of carbon remaining after several months. The studies 
with Mohave clay loam, reported in the previous paper of this series, showed 
that lime usually somewhat increased the loss of carbon at all three incubation 
periods. Figures for the retention of the carbon of several green crops, allowed to 
decompose in limed Cecil soil, are reported in table 4. These results are directly 
comparable with those in table 2 for the unlimed Cecil soil. 

The rate of carbon dioxide evolution from the various materials in Cecil soil 
was, in most instances, increased, but not markedly, by additions of calcium 
carbonate. At the end of a year the average percentage of the carbon retained, 
exclusive of that in casein, was about 36 in the absence and 33 in the presence 
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of calcium carbonate. Obviously green manure carbon is a good source of humus 
carbon regardless of the base content of the soil. 

Humus formation from mature 'plant materials in limed Cecil clay loam with and 

without fertilizer nitrogen 

The effect of lime on the humification of mature plant materials can be seen 
by comparing table 5 with table 3. 

Lime, in most cases, significantly increased the carbon loss, the effect being 
more marked with increase in length of the incubation period. After a year the 
approximate average carbon retention figures for the five carbon sources that 

TABLE 5 

Organic carbon retention in limed Cecil clay loam following addition of 1 per cent carbon 
in the form of mature (or nearly mature) plant materials and with or without 
supplemental nitrogen 


TBEATMEKT 

C/N KATIO 
OF ADDED 
MATEIUALS 

CAKBON FBESENT AFCEK 

1.5 months 

4 months 

12 months 

Total C 

Added C* 

Total C 

Added C* 

ToUl C 

Added C* 



per cent 

per cent 

per cent 

per cent 

per uni 

per cent 

None. 


0.383 


0.373 


0.355 


Millet, head formed. 

34.1 

0.902 

51.9 

0.834 

46.1 

0.690 

33.5 

Millet + urea. 

10.0 

0.873 

49.0 

0.803 

43.0 

0.692 

33.7 

Oak leaves. 

64.3 

1.038 

65.5 

0.971 

59.8 

0.746 

39.1 

Oak leaves + urea. 

10.0 

0.957 

67.4 

0.938 

56.5 

0.773 

41.8 

Wheat straw.■ 

73.0 

1.078 

69.5 

0.986 

61.3 

0.752 

39.7 

Wheat straw -f urea.... 

10.0 

0.853 

47.0 

0.816 

44.3 

0.710 

35.5 

Corn stover. 

102.4 

1.054 

67.1 

0.946 

57.3 

0.730 

37.5 

Corn stover -f urea. 

10.0 

0.849 

46.6 

0.760 

38.7 

0.656 

30.1 

Cellulose. 


1.226 

84.3 

1.170 

79.7 

1.095 

74.0 

Cellulose -f- urea. 

10.0 

0.981 

59.8 

0.794 

42.1 

0.618 

26.3 


* Portion of added organic carbon remaining. The difference required for significance 
between these treatments means is 4.8 at the 5 per cent level and 6.4 at the 1 per cent level. 


decomposed imder conditions of adequate nitrogen were 38 in the acid soil and 
33 in the presence of lime. The effect of lime in accelerating the humification 
process was, therefore, similar for succulent and mature plant materials but 
slightly more marked for the latter. 

Gaseous losses of nitrogen during decomposition of materials of varying carbon- 

nitrogen ratios 

Although the experiments reported were planned primarily to study carbon 
losses during humus formation, results were also obtained in some cases on the 
nitrogen changes. With respect to nitrogen, information was sought on (a) 
whether addition of plant materials of wide carbon-nitrogen ratios results in 
appreciable biological nitrogen fixation and (6) at what carbon-nitrogen ratio 
loss of gaseous forms of nitrogen becomes appreciable. To answer these ques- 
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tions the limed and unlimed soils, from the 4-month incubation period, that had 
received the various carbon sources without supplemental urea were analyzed 
for total nitrogen. The results are given in table 6. 

No significant gains in nitrogen occurred with any of the carbon sources added 
in either the acid or the limed Cecil soil. These negative results were probably 
due in part to the absence of Azotobacter and possibly other species of nitrogen¬ 
fixing organisms commonly found in soils of near neutral or alkaline reaction. 
It is also possible that some nitrogen fixation may have occurred but was either 
not in sufficient quantity to be detected by the Kjeldahl method or was offset 
by losses of ammonia or free nitrogen gas. 

TABLE 6 

Nitrogen losses after 4 months from Cecil soil receiving various sources of organic matter 

without su'pplemental nitrogen 
All results are based on 100 gm. of soil 


TSEATlfENT 

i C/N BATIO 
OF ADDED 
IfATEBIALS 

1 NITROGEN 
ADDED 

IN CARBON 
SOtjkC£S 

UNIIMED 

LEUED 

Nitro¬ 

gen 

found* 

Nitro¬ 
gen lost 

Added 

Nlost 

Nitro¬ 

gen 

found* 

Nitro¬ 
gen lost 

Added 
N lost 



mgm. 

mgm. 

mgm. 

per cent 

mgm. 

mgm. 

per cent 

Soil only. 



37.5 



35.6 



Casein. 

3.1 

326.2 

146.6 

217.1 

66.6 

134.8 

227.0 

69.6 

Bluegrass. 

9.7 

103.6 

124.7 

16.4 

15.8 

108.6 

30.6 

29.5 

Oats. 

10.6 

94.8 

m.i 

21.2 

22.4 

100.8 

29.6 

31.2 

Millet, young. 

10.7 

93.2 

111.7 

19,0 

20.4 

104.1 

24.7 

26.5 

Soybeans. 

15.0 

66.5 

96.3 

7.7 

11.6 

85.5 

16.6 

25.0 

Lespedeza. 

18.1 

55.4 

89.8 

3.1 

5.6 

87.5 

3.5 

6.3 

Millet, intermediate. . 

34.1 

29.4 

64.8 

2.1 

7.1 

64.7 

0.3 

1.0 

Oak leaves. 

64.3 

15.6 

51.7 

1.4 

9.0 

51.7 

+0.5 

+3.2 

Wheat straw. 

73.0 

13.8 

49.7 

1.6 

11.6 

47.5 

1.9 

17.4 

Corn stover. 

102.4 

9.8 

47.1 

0.2 

2.0 

46.0 

+0.6 

+6.1 

Cellulose. 

— 

0 

37.0 

0.5 

— 

36.8 

+1.2 

— 


* Least significant difference between treatment means — 4.4 at the 5 per cent level and 
5.9 at 1 per cent level. 


Table 6 shows no significant loss of gaseous forms of nitrogen from the de¬ 
composing plant materials where the carbon-nitrogen ratio was 18 or wider. As 
the ratio narrowed from 15 to 3 the losses became increasingly larger. Blue- 
grass, oats, and millet, with carbon-nitrogen ratios near 10, lost about 29 per 
cent of their nitrogen in the limed soil and 20 per cent in the acid soil. About 
two thirds of the casein nitrogen was volatilized. These gaseous losses presumably 
occurred mostly as ammonia, although there is a possibility of some loss as free 
nitrogen following oxidation to nitrates. In view of the fact that plant materials 
having carbon-nitrogen ratios of about 28 to 35 have just enough nitrogen to 
permit normal decay during the first few months, gaseous losses would not be 
expected imless the ratio were considerably narrower than this. Just how narrow 
it would have to be for losses to occur would depend upon a number of factors, 
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especially the quantity that accumulated as nitrate and the quantity held as 
ammonia in the exchange complex. In fact, xinder practical conditions, where 
rates of addition of plant materials to soil are usually considerably lower than 
those used here, losses of ammonia may be negligible because of absorption by 
soil colloids. 


DISCUSSION 

In studies in a sandy soil Engel (4) foimd that of the carbon added as beet 
leaves, lupine tops, and lupine roots 29, 19, and 36 per cent, respectively, re¬ 
mained after 4 months. Since all of these materials had carbon-nitrogen ratios 
between 11 and 15, composition was the main factor determining carbon reten¬ 
tion. 

Extensive organic matter studies were made by Salter (10) in a silt loam to 
which several sources of carbon and varying quantities of ammonium nitrate 
were added. Regardless of the source of carbon, the quantity present at the end 
of a year fell within a rather narrow range when the materials were adjusted to 
a common carbon-nitrogen ratio. Salter concluded that a ratio wider than 10 
favors the loss of organic carbon from soil, whereas a narrower ratio leads to the 
saving of carbon. These findings are at variance with those obtained by others, 
including the work discussed in this and the preceding paper of the series. In 
evaluating Salter’s results the following facts or suggestions should be consid¬ 
ered: (a) The soil used contained, or formed, so much available nitrogen that 
even where the most carbonaceous materials were added without supplemental 
nitrogen, 30 to 60 pounds of nitrate nitrogen per acre was present after 1 month, 
and 80 to 240 pounds after 6 months. (6) Since all materials decomposed under 
conditions of adequate nitrogen, it seems probable that the higher rates of am¬ 
monium nitrate, which ranged up to 5.7 tons per acre, may have caused con¬ 
siderable retardation of biological activities. 

Millar, Smith, and Brown (5) concluded from plant decomposition experi¬ 
ments that materials high in nitrogen left more carbon in the soil than did those 
low in nitrogen. After 190 days the carbon retention values for seven materials, 
having carbon-nitrogen ratios of 32 to 77, averaged 20; five other materials with 
ratios less than 23, averaged 32. Since the rate of release of nitrogen from the 
soil organic matter was high, supplemental additions would probably not have 
increased carbon retention; plant composition was obviously the important fac¬ 
tor. 

In greenhouse experiments, Turk and Millar (14) observed greater losses of 
carbon where materials of low nitrogen content were added than where more 
nitrogenous materials were used. At the end of the experiment 25 per cent of 
the carbon of straw and 34 per cent of that of sweet clover remained. Although 
the value of nitrogen in holding carbon is emphasized, it would seem that the 
experiments serve more to demonstrate the importance of plant composition. A 
treatment consisting of straw plus nitrogen to make the carbon-nitrogen ratio 
comparable to that of sweet clover was not included. 

In experiments conducted in cylinders in the open, Siegel (11) added various 
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organic materials and supplemental nitrogen in some instances, grew a crop, and 
determined the percentage of added carbon (exclusive of plant roots) remaining 
after 1 and 3 years. These results, given in part in table 7, show that the carbon 
of green manures was usually retained at least as tenaciously as that of straw 
and that addition of large amoxmts of nitrogen to straw had little or no effect 
on the quantity of added carbon that was held. 

In a recent paper, Peevy and Norman (6) reported that the composition of 
plant materials, especially the content of lignin, materially influences the quan¬ 
tity and properties of the decomposed residues. Dextrose and cellulose disap¬ 
peared more quickly than any other materials studied, even though adequate 
supplemental nitrogen was added. Furthermore, nitrogen had a negligible effect 
in holding the carbon of soybean stalks having a carbon-nitrogen ratio of 62. 

The results reported in tables 2 to 5 are in close agreement with most of the 
experiments mentioned, as well as with other work (3, 13, 15), in showing that 
carbon retention in a normal soil is determined primarily by the chemical nature 

TABLE 7 

Percentage of added carbon retained by a soil-sand mixture at different nitrogen levels 


IfATEKlAL ADDED* 

CAEBON-NITROGEN RATIO 

PERCENTAGE OP ADDED CARBON RETAINED 
APTER 

1 jrear 

3 years 

Straw. 

166.8 

30.7 

11.9 

Straw. 

20.0 

31.3 

10.1 

Straw. 

10.0 

26.7 


Clover. 

14.9 

36.9 


Plant mixture. 

13.5 

32.1 

17.0 

Mustard. 

16.2 

28.1 

13.1 

Mustard. 

10.0 

23.9 

10.6 


* Materials equivalent to 0.7 per cent C were added. 


of the plant materials added. Even a unit of carbon in the form of a succulent 
green crop may form just as much humus as a similar amount of carbon added 
as a mature plant residue. This was shown very clearly in greenhouse experi¬ 
ments (8, 9) conducted at this laboratory. Also, in the present experiments 
plant composition was more important than age. There was little difference, for 
instance, between the behavior of succulent soybeans and lespedejza, on the one 
hand, and of mature wheat straw and corn stalks supplemented with urea, on 
the other. Other more succulent materials were somewhat less tenaciously held, 
but doubtless this was due more to lower lignin content than to age. 

The belief that nitrogen is required to hold carbon in a soil, a view held by 
some but certainly not all workers, is also shown to be largely without founda¬ 
tion, although the reverse of this statement is true, as shown in table 6. Addition 
of available nitrogen to nitrogen-deflcient materials commonly greatly accelerates 
the humification process and loss of carbon during the first few week's. There is 
little to indicate, however, that in absence of adequate nitrogen, the decay 
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process, which continues slowly, leads to an excessive loss of carbon. As humus 
formation proceeds, most of the readily available energy sources are destroyed, 
whereas lignin degradation products, hemicellulose, and protein tend to accumu¬ 
late either as residual materials or as products of microbial synthesis. Unless the 
supply of nitrogen is extremely deficient, its absence will have little effect on 
the nature of these transformations, altitiough, as already stated, the rate of 
change will be retarded. Such extremely nitrogen-deficient conditions ordinarily 
occur only in an artificial medium. In a normal soil, the usual oxidation of soil 
organic matter with the consequent release of available nitrogen will at least 
eventually furnish enough supplemental nitrogen (if any is needed) for approxi¬ 
mately maximum humus formation. Supplemental nitrogen may be, and usually 
is, needed to meet the needs of the crop but not to hold carbon. It should also 
be remembered that nitrogen additions to cropped soils commonly increase (9) 
soil carbon by increasing crop growth and crop residues, but there is no sound 
evidence that such additions exert a holding action on carbon already present 
in the soil or added as outside sources. 

SUMMARY 

Laboratory experiments are reported on humus formation, in both limed and 
unlimed Cecil clay loam, from plant materials of varying degrees of maturity 
and nitrogen content allowed to decompose for a year. 

The percentages of the added carbon left in the soil after an extended period 
of decomposition is determined primarily by the composition of the materials 
added and not by their carbon-nitrogen ratios. 

Contrary to popular belief, the carbon of succulent green manure crops was 
retained by the soil to almost as great a degree as was that of mature plant 
materials. 

The findings do not substantiate the claim that supplemental additions of 
nitrogen to nitrogen-deficient crop residues are necessary to hold carbon during 
the process of humus formation in soil. The main effect of nitrogen additions 
under such conditions is to accelerate the process of humus formation and to 
feed the crop, if present. Where nitrogen is deficient, carbonaceous materials 
tend to remain in a partly decomposed condition. 

It is pointed out that nitrogen additions to a cropped soil often result in a 
higher level of organic matter because of the resulting larger crop residues, but 
this effect of nitrogen falls outside the range of the present studies. 

Where materials having carbon-nitrogen ratios of 18 to 102 were added to 
soil, no significant loss of gaseous forms of nitrogen occurred; where the ratios 
were 3 to 16, marked nitrogen losses occurred that increased as the nitrogen 
content increased. This emphasizes the importance of carbon in holding nitrogen. 

Addition of calcium carbonate to an acid Cecil soil usually increased somewhat 
the rate of decomposition of the added carbon sources and decreased the quan¬ 
tity of carbon retained by the soil at the end of a year. 

No significant nitrogen fixation occurred in either the limed or the unlimed 
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3oil as a result of addition of plant materials. This may have been due to lack 
Df Azotobacter in the original acid Cecil soil. 
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PROPERTIES OF SOIL WHICH INFLUENCE WIND EROSION: II. DRY 
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A simple method of estimating the relative credibility of soils by wind is of 
considerable practical value to agriculturists in dry-land areas. The size and 
stability of soil aggregates at the surface of the ground is one of the main factors 
that influence the credibility of the soil by wind. Since this factor can be altered 
by various tillage and cropping methods, and by other means, it is important 
to know what type of soil structure is necessary to reduce the erodibility by 
wind to the practical minimum. There is likewise a need for some simple method 
for estimating the relative susceptibility of a soil to wind action, particularly 
for estimating the value of various tillage implements and cropping practices 
that have possibilities of use for wind erosion control. 

Experiments conducted previously in a wind tunneP showed an intricate re¬ 
lationship between the dry clod structure and erodibility by wind. Because of a 
relatively large number of size-fractions into which the soils were divided for 
detailed study, the mathematical expressions for estimating erodibility were ex¬ 
tremely complicated. An attempt was made to incorporate the several derived 
expressions into a simplified general form applicable to the average range of 
erosive wind velocity.® Experimental tests proved that the general form was 
valid within specific limits on a large variety of soils of western Canada, but the 
computations were too elaborate for practical use.-^ 

To achieve a simpler solution for the expression of erodibility based on the 
dry aggregate structure of a soil, a series of experiments were undertaken. The 
results of these tests and a simple method of estimating the erodibility of dif¬ 
ferent soils are presented herein. Two aspects of the problem not investigated 
previously are included in this study: first, the possible effect of the apparent 
specific gravity of different soil fractions on erodibility; second, the possible de¬ 
gree of breakdown of soil structure during the sieving process. 

PROCEDURE 

The soils selected for study were all reasonably free from imdecomposed crop 
residues, such as stubble or straw. To avoid undue breakdown of structure, the 
soils to be tested for erodibility were taken from the field only when in a reason- 

1 Contribution No. 414 from the department of agronomy, Kansas Agricultural Experi¬ 
ment Station, Manhattan, Kansas, and the Soil Conservation Service, U. S. Department 
of Agriculture. Cooperative research in the mechanics of wind erosion. 

. 2 Chepil, W. S. Relation of wind erosion to the dry aggregate structure of a soil. Set. 
Agr. 21: 488-507. 1941. 

* Chepil,' W. S. Measurement of wind erosiveness of soils by dry sieving pro¬ 
cedure. Sci. Agr. 23: 154-160. 1942. 

* Chepil, W. S. Relation of wind erosion to the water-stable and dry clod structure of 
soil. Soil Sd. 55 : 275-287. 1943. 
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ably dry condition. A square-cornered spade was pushed under a layer of sur¬ 
face soil 1 inch thick, and the soil was placed in a suitable tray and brought to 
the laboratory for thorough air-drying. 

After drying, the soils were placed in air-tight containers for subsequent use. 
Portions of some soils were passed through a specially designed rotary sieve,® 
and the various soil fractions were stored in air-tight containers to be used as 
required. The different fractions into which the soils were sieved were as follows: 
A, <0.42 mm. in diameter; B, 0.42 to 0.84 mm.; C, 0.84 to 6.4 mm.; D, >6.4 
mm. 

To test the erodibility of the various soils, or mixtures of the various soil 
fractions, use was made of a closed-circuit type wind tunnel described previ¬ 
ously.® The soils were subjected to a wind equivalent to 25 miles per hour under 
standard temperature and pressure at a 6-inch height. The soil samples were 
placed in a trough 5 feet long, 8 inches wide, with open ends. The soil surface 
was leveled by hand. Some difiEerences in the degree of surface roughness existed 
on the different soils, but these were due to differences in the size of the frac¬ 
tions and not to differences in the treatment. The trough with the soil was 
placed on the leeward end of the test chamber parallel to the direction of the 
wind and level with the remaining floor area. The remaining floor area of the 
test chamber was covered with gravel 2.0 to 6.4 mm. in diameter. 

Erosion continued for a relatively short time on all soils tested and ceased as 
soon as the surface became stabilized with fractions too large to be moved by 
wind. The quantity of soil eroded up to the time when movement ceased con¬ 
stituted a measure of erodibility. The time required for movement to cease 
varied considerably with soil structure—^the range being approximately 10 to 
60 minutes. 

The apparent specific gravity or volume weight of the soil grains of each size- 
fraction separated by sieving was determined by dividing the weight of a definite 
volume of the fraction by the weight of an equal volume of quartz sand contain¬ 
ing the same sized grains as the soil fraction and multiplying the quotient by 
2.65. The quartz grains used were uniform in composition, entirely devoid of 
pore spaces, and had a specific gravity of 2.65. The apparent specific gravity 
thus determined represented the volume weight of the individual soil grains or 
aggregates and not the volume weight of the soil body or bed composed of these 
grains. The apparent specific gravity of soil clods greater than 6.4 mm. in di¬ 
ameter was determined by the usual liquid displacement method after the clods 
were coated with a thin, impermeable film of paraffin wax. 

RESXJLTS 

Erodibility of matures of different soil aggregates 

Figure 1 indicates the quantities of soil removed by wind when the highly 
erodible fraction A, separated from three widely different soil classes by sieving, 

® Chepil, W. S., and Bisal, F. A rotary sieve method of determining the size distribution 
of soil clods. Soil Sci. 56 : 95-100. 1943. 

® Zingg, A. W. and Chepil, W. S. Aerodynamics of wind erosion. (To be published in 
Agr. Eng.) 
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is mixed with different amounts of similar textured, nonerodible fractions C and 
D. When the amoxmt of fractions C and D is plotted against the logarithm of 
the amount eroded, the resultant curves are nearly straight. Evidently, each 
increment of the nonerodible fraction C or D added to the synthetic mixture 
with fraction A reduces the logarithm of the amount eroded almost equally. 
With very low concentrations of C or D, the logarithm of the amount eroded 
deviates slightly upward from the linear relationship, and with very high con- 



Pwoont of A.qond 0 froctions in uniform mbcfuro 


Fig. 1. Effect of Fractions C and D on Erodibilitt of Fraction A 

centrations, slightly downward. The plotted curves thus assume a slight ‘‘S” 
curvature. 

The experimental data in figure 1 show the erodibility of any mixture of A 
with C, A with D, and A with C and D. An equal proportion of C and D mixed 
with A gives the logarithmic values of erodibility half way between the values 
where only C or D alone is mixed with A. These data, and especially those of 
figure 2, show that the logarithm, of the amount eroded varies directly and pro¬ 
portionately with the ratio of C to D contained in the soil. Thus, if the soil is 
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composed of 20 per cent of C mixed "with A, the logarithm of the amount eroded 
in tons per acre is diown to be 0.9; and if it is composed of 20 per cent of D 
mixed with A the logarithm of the amount of orosion is 1.5. On the other hand,, 
if it contains a mixture of O and D amounting to 20 per cent of the total, the 
logarithm of the amount eroded varies directly with the relative proportion of 
C and D and is equal to 

0.9 C + 1.5 D 
C + D 

where C and D are the percentages of fraction C and D. The actual erodibility 
of the whole range of uniform mixtures of fractions A, C, and D applicable to 



Fig. 2. Eitbct of Different Mixtures of Fractions C and D on Erodibilitt 

OP Fractions A and B 

the conditions of the wind and the soil imder which the tests were conducted can 
thus be determined by interpolation or direct reading of experimental values in 
figures 1 and 2. These values are presented in rather broad increments ia table 1. 
Erosion values less than 0.1 ton per acre are considered too small to be of any 
significance and are, therefore, omitted from table 1. 

Some consideration was given to the possible effect of apparent specific gravity 
of the different fractions on erodibility. In the soils used, the range of apparent 
specific gravity of fractions C and D, which was between 1.46 and 1.66, was too 
narrow to determine what effect it might have on erodibility. 

The apparent specific gravity of fraction A varied considerably more, that is, 
from 1.66 to 2.10. Figure 1 diows that this range of variation for fraction A has 
little, if any, effect on erodibility. Further studies are undertaken to obtain in¬ 
formation on the possible effects of a wider range of apparent specific gravity of 
the various soil fractions on erodibility. 




TABLE 1 

Erodibiliiy x in tons per acre for any proportion of fractions C and D in mixture with A 
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* Erodibility for a 5-foot len^h of exposed area; a wind blowing from one direction at 25 m.p.h. at a 6-inch height; an apparent specific gravity 
of 1.5 to 1.7 for fractions C and D and 1.6 to 2.1 for fraction A. 
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The effect of the semierodible fraction B remains to be clarified. Figures 3, 4, 
and 6 show the results obtained when this fraction is mixed with the nonerodible 
fractions. The curves correspond in slope and shape approximately to those in 
which A instead of B is the erodible fraction. Only the position of the curves is 
altered. Figures 3 and 4 show that when A of any apparent specific gravity and 
mixed with any quantity of C or D is replaced by B of 1.6 apparent specific 
gravity the logarithm of the amount eroded is decreased by approximately 0.65. 



Fig. 3. Effect of Feaction C on Erodibility of Fraction B 
In other words, the replacement of A by B of 1.6 apparent specific gravity re* 

X 

duces the amount of erosion x to Figure 5 indicates further that if only a 

part of fraction A is replaced by B, the logarithm of the amount eroded is de¬ 
creased in proportion to the part displaced. Thus, let it be assumed that the 
amount of erosion for any mixture of A, C, and D, such as shown in table 1, is 
*, then the amount of erosion when A is replaced by B of 1.6 apparent specific 
gravity is antilog (log x — 0.65). If only part of A is replaced by B, the amount 
of erosion is antilog 




WIND EROSION OF SOIL 


m 


The apparent specific gravity of fraction B, contrary to that of A, has a con¬ 
siderable influence on the amount of erosion. As shown in figures 3 and 4, the 
logarithm of the amoimt eroded is invemely proportional to the apparent specific 
gravity of B, irrespective of whether B is mixed with C or D. It will be seen 



B 100 90 80 70 60 50 

DO 10 20 30 40 50 

Percent of B ond 0 fractions in uniform mixture 


Fig. 4. Effect of Fraction D on Erodibilitt of Fraction B 

that for every 0.1 decrease in the apparent specific gravity of B, mixed with C 
or D, there is approximately a 0.1 decrease in the logarithm of the amount 
eroded. 

The effect of the total or partial replacement of A by B and the effect of the 
apparent specific gravity of B on erodibility may be indicated from the data 
available by the expression: 

q = antaog [log a; - (0.56 + cn - 1.6) 
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or 


^ ^ r %B 

antilog |^(0.55 + ctb 1.6) ^ 

where q is the ultimate amount of erosion, x is the amount of erosion for a soil 
in which the erodible fractions are composed entirely of fraction A, and (Tb is 
the apparent specific gravity of fraction B. 




Pig. 5. Effect of Fractions C and D on Erodibility op Different Mixtures of A 

AND B 

The values of the divisor, antilog 

for the whole working range of apparent specific gravity of B and of proportion 
of B to A are prepared in table 2 by interpolation of the experimental data ob¬ 
tained. By determining the proportions of soil fractions A, B, C, and D by 
sieving, the erodibility of any soil reasonably free from stubble, straw, or other 
types of organic residue, may thus be readily determined from tables 1 and 2. 
To avoid superfluity, the values of erodibility are presented in rather broad 
increments in tables 1 and 2. More detailed tables were prepared, however, for 
greater convenience in practical use. 
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Comparison of computed with determined order of erodibility 

To check the validity of tables 1 and 2 for estimating the erodibility of dif¬ 
ferent soils by the sieving method, a series of wind tunnel tests were conducted. 

TABLE 2 

Divisors for erosional values in table 1, as inHuemed by proportion and apparent specific 
gravity of fraction B contained in the soil 
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through a rotary sieve to determine the relative proportions of fractions A, B, 
C and D. The erodibility of each soil was then computed from values in tables 1 
and 2. 

A comparison of the eroded with the computed amounts can be made from 
table 3, columns 8 and 10. In virtually all cases the computed values were some¬ 
what higher than the eroded values. To determine whether sieving was respon¬ 
sible for the increase in erodibility, the fractions obtained from the same soil by 

TABLE 3 


Comparison of determined with calculated erodibility of various types of cultivated soil* 


SOIL TYPE OK CLASS 

SOIL 

NO. 

SIZE 

1 

A 

DISTS] 

PSAd 

B 

BUTIO 

rioNS 

C 

N OF 

D 

VOLUME 

iWEZGET 

OF 

FRAC¬ 

TION 

B 

AMOUNT 

ERODED 

IN 

TUNNEL 

BEFORE 

SIEVING 

AMOUNT 

ERODED 

IN 

TUNNEL 

AFTER 

SIEVING 

AMOUNT 

COMPUTED 



per 

ceni 

per 

cent 

per 

cent 

per 

cent 


tons/A. 

tons/A. 

tons/ 

A. 

Loamy sand (Syracuse, Kansas). 

60 

91.3 

1.6 

5.3 

1.8 

1.56 

27.0 

35.5 

34.8 

Composite of soil 42 and 60. 

60a 

83.9 

6.8 

5.7 

3.6 

1.64 

28.1 

31.5 

29.4 

Composite of soil 42 and 60. 

60b 

78.1 

7.7 

4.0 

10.2 

1.82 

23.1 

22.8 

24.8 

Composite of soil 42 and 60. 

60c 

77.4 

6.9 

4.9 

10.8 

2.00 

21.8 

19.4 

20.8 

Composite of soil 42 and 60. 

42a 

74.4 

7.4 

5.9 

12.3 

2.18 

11.7 

9.8 

16.7 

Pratt loamy sand. 

42 

74.0 

7.6 

8.2 

10.2 

2.19 

13.9 

18.2 

15.0 

Dalhart fine sandy loam. 

65 

68.9 

11.1 

11.8 

8.2 

1.80 

8.0 

11.7 

10.0 

Pratt loamy sand. 

39 

63.9 

15.4 

10.1 

10.6 

2.00 

6.1 

6.2 

9.7 

Silt loam (Winona, Kansas). 

62 

60.0 

9.8 

17.6 

12.6 

1.37 

4.5 

5.7 

6.1 

Silty clay loam (Collyer, Kansas). 

63 

52.2 

15.9 

10.5 

21.4 

1.61 

4.4 

5.0 

7.4 

Silt loam (Tribune, Kansas). 

61 

57.6 

12.8 

18.5 

11.1 

1.49 

4.5 

5.1 

5.6 

Silt loam (Johnson, Kansas). 

59 

57.2 

12.0 

20.6 

10.2 

1.47 

4.2 

4.8 

4.8 

Baca silt loam. 

57 

51.8 

14.6 

13.2 

20.4 

1.76 

3.2 

3.3 

5.8 

Alluvial clay (Salina, Kansas). 

52 

38.9 

26.0 

15.7 

19.4 

1.69 

2.9 

3.3 

3.6 

Loamy sand (Hugoton, Kansas). 

54 

41.9 

21.5 

20.5 

16.1 

2.06 

1.7 

2.0 

2.0 

Soil 33 with fine fractions added. 

33c 

41.4 

9.4 

21.7 

27.5 

1.61 

0.8 

0.7 

1.5 

Soil 33 with fine fractions added. 

33b 

35.6 

13.4 

26.5 

24.5 

1.60 

0.3 

0.6 

0.9 

Soil 33 with fine fractions added. 

33a 

27.7 

13.5 

28.3 

30.5 

1.51 

0.3 

0.6 

0.4 

Richfield silt loam. 

33 

24.2 

9.5 

22.7 

43.6 

1.46 

0.2 

0.3 

0.2 

Lamed sandy loam. 

36 

25.1 

7.2 

20.7 

47.0 

1.67 

0.3 

0.3 

0.1 

Hastings silt loam. 

30 

16.9 

10.5 

36.9 

35,7 

1.55 

0.2 

0.2 

<0.1 

Ulysses silt loam. 

16 

15.1 

8.7 

27.9 

48.3 

1.62 

0.2 

0.2 

<0.1 


* All Boils were virtually devoid of crop residues, such as stubble or straw. 


sieving were thoroughly but gently mixed, and the mixtures were exposed to 
the same velocity of wind in the tunnel. The actual amoimts of erosion on sam¬ 
ples of soil that had been previously sieved were, in most cases, somewhat higher 
than on soils not previously sieved, but were, on the whole, the same as the 
computed values. Since the computed values were also based on sieved soil mate¬ 
rials, the results prove that sieving had a considerable effect in increasing the 
erodibility. The increase in erodibility is presumed to be caused by the break¬ 
down of the soil aggregates during the sieving process. The average increase in 
erodibility due to sieving was 11.8 per cent. 
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The computed amounts of erosion were plotted against the amounts eroded 
in the tunnel after soil sieving. The data indicated that the computed amounts 
varied directly and almost proportionately with the actual amounts of erosion. 
The coeflBicient of correlation between the computed amounts of erosion and 
amounts eroded before and after soil-sieving was 0.98 in both cases. For 20 de¬ 
grees of freedom this is far above the 1 per cent level of significance, which is 
0.54. The data indicate that tables 1 and 2 can be employed with a reasonable 
degree of accuracy as a simple method of measuring the erodibility of cultivated 
soils by wind. The ease of measurement can be enhanced by incorporating into 
tables 1 and 2 erodibility values for increments considerably smaller than the 
given ones. The accuracy of the measurements could be increased further by 
increasing the number of sievings in each test. These measurements are deter¬ 
mined entirely from the dry aggregate soil structure. Organic residues such as 
stubble or straw, not present in these experiments, are expected to have an 
additional effect on erodibility. 

To test further the validity of tables 1 and 2, a statistical analysis of data 
obtained previously on 30 western Canada soils was made. The apparent specific 
gravity of fraction B, not available for these data, was assumed to be 1.6. When 
the two trace values of estimated erodibility are excluded, the number of degrees 
of freedom for this group of soils is 26. The coeflBicient of correlation between 
erodible amounts estimated from tables 1 and 2 and the amounts eroded in a 
wind tunnel is 0.98. This is very highly si gnifi cant, since the required value for 
significance at the 1 per cent level is 0.48. Tables 1 and 2, therefore, appear to 
be highly applicable to a wide variety of soils of western Canada as well as to 
soils of Kansas. 


DISCUSSION AND CONCLUSIONS 

Soil erodibility as determined by computation based on the dry-sieving pro¬ 
cedure is a measure of the relative amount of soil erodible from a definitely re¬ 
stricted area by a definite velocity of wind blowing from one direction. Because 
the size of the exposed soil area on which the measure of erodibility is based is 
restricted to a few square feet in the tunnel, the effects of abrasion such as occur 
in comparatively large areas in the field are virtually eliminated. The amounts 
of soil erodible in the wind tunnel may be expected, therefore, to be lower than 
the amounts in the open field. Nevertheless, the basis which determines the 
relative degree of erosion from field areas and from small samples placed in the 
tunnel appears to be the same. This basis is the quantity of erodible fractions 
removable from the surface of the soil by wind. 

The comparative amounts of erosion computed from the dry aggregate struc¬ 
ture of a soil are about 12 per cent higher than the actual amounts eroded in 
the tunnel. It is not known what ratio the computed amounts of erosion bear 
to the amounts erodible in the open field. This ratio will vary, of course, unless 
the fields chosen for comparison are all of the same dimensions and the same 
orientation with respect to the direction of the wind. 

The computed erosion values cannot be expected to serve as a measure of the 
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inherent erodibility but rather as a measure of the relative erodibility at the 
time the determinations are made. The dry aggregate structure, as well as the 
erodibility, varies from season to season and virtually from day to day, depend¬ 
ing on weather conditions and on tillage and cropping practices. 

The apparent specific gravity of the different soil fractions affects the erodi¬ 
bility in a variable degree. The major effects of the apparent specific gravity 
have been determined in this investigation and incorporated into the computa¬ 
tion method. More details are necessary, however, for a thorough understanding 
of the relationship of this factor to erodibility by wind. 

The computed erosion values are expected to apply particularly to soils that 
have been recently cultivated, such as the ones on which these experiments 
were based. A previous study showed, however, that the computed erodibility 
based on the dry aggregate structure of soils is a reliable index of the actual 
erodibility of less recently cultivated soils as well as of freshly cultivated soils. 

In determining the relative erodibility from the dry aggregate soil structure, 
care must be taken to avoid undue breakdown of soil aggregates and undue 
segregation of the finer fractions from the coarser ones. Since dry-sieving is re¬ 
sponsible for some breakdown of the soil aggregates, it is important that a uni¬ 
form sieving technique be followed in all comparable cases. The rotary sieve 
was found most suitable for this purpose. 

SUMMARY 

A simple method of computing the erodibility of cultivated soils by wind is 
presented. The computed erosion values are based on soils with a smooth surface 
free from organic residues. After determination of the apparent specific gravity 
and of the proportions of dry soil fractions by sieving, the relative erodibility of 
any soil reasonably free from organic residues can be readily computed from 
the tables presented. Similar but more detailed tables, not presented, have been 
prepared for greater ease and accuracy of computing the erodibility. 
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Adaptation and Origin in the Plant World. By Frederick E. Clements, Em¬ 
mett V. Martin, and Francis L. Long. The Chronica Botanica Company, 
Waltham, Mass., and Stechert-Hafner, Inc., New York, 1950. Pp. 332, 
plates 86, figs. 7, gTaphs, 21. Price $6. 

This is a monograph on the role of environment in the evolution of plants. 
It deals primarily with studies carried on for 40 years in a coastal laboratory 
and two control experimental gardens near Santa Barbara, California, and in 
an alpine laboratory and three transplant gardens near Colorado Springs. The 
several chapters have to do with the installation of the gardens near Santa Bar¬ 
bara, and the fxmction, form, and behavior of the plants, and the installation 
of the Colorado Springs gardens, and functions, ecogenesis, morphogeny, and 
phylogeny of these plants. Some 200 genera and 400 species of plants were 
studied. A glossary of terms is appended. The book is of primary interest to 
ecologists, but the methods of experimentation and some of the conclusions are 
of considerable importance to other workers in soil-plant science. The illustra¬ 
tions are especially interesting and attractive. 

Biologic der Goethezeit. Edited by Adolf Meyer-Abich. The Chronica Botanica 
Co., Waltham, Mass,, 1949. Pp. 302. Price $5.50. 

The editor brings together in one volume the more important concepts of 
Johann Wolfgang v. Goethe and the other outstanding biologists of his time, 
including Georg Foster, Alexander v. Humboldt, Lorenz Oken, Carl Gustav 
Cams, Karl Ernest Baer, and Johannes Muller. Extracts from the publications 
of these men include an introduction dealing with Goethe’s researches and their 
philosophical-historical meaning; Forster’s comprehensive view of nature; Hum¬ 
boldt’s vital energy; Oken’s scientific classification of animals; Cams’ require¬ 
ments for future work in the natural sciences; Baer’s view of the living world; 
Muller’s philosophical approach to physiology; and a final chapter on Goethe’s 
principle of compensation, a basic law of modem biology. A full-page photograph 
of each man is included, German scholars will find this book worthy of careful 
study. 

Decay of Timber and Its Prevention. By K. St. G. Cartwright and W. P. K. 
Findlay. Chemical Publishing Co., Inc., Brooklyn, 1950. Pp. 294, plates 49. 
Price $7.50. 

The authors of this book are members of the staff of the Forest Products Re¬ 
search Laboratory at Aylesbury, Bucks. They have brought together in this 
volume a series of publications on the principal decays of oak, softwoods, and 
British hardwoods. Different types of decay, resistance to decay, wood preser¬ 
vatives and their use, and staining by fungi and its prevention are considered 
in detail. A long list of references is appended to each chapter. Proper spacing 
of trees to develop a clean bole is stressed as a means of avoiding entrance of 
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decay organisms. A list of the most durable woods is shown. The appendix de¬ 
scribes the wood block method of test for the toxicity of preservatives to fungi. 
The book is of special importance to those who are concerned with forestry, but 
it contains material of considerable interest to all those who have trees of what¬ 
ever' t 3 rp 6 on their property. 

Evergreen Orchards. By Wiluam H. Chandler. Lea and Febiger, Philadelpliia, 
1950. Pp. 452, figs. 66 . Price $ 6 . 

A lifetime of study and research has gone into the writing of this very inter¬ 
esting and attractive book. Its purpose is to serve the needs of students who are 
specialisang in subtropical and tropical horticulture. The several chapters deal 
with a wide range of fruits, including citrus, avocado, papaya, tea, coffee, cacao, 
annonas, lichti, mango, cashew, evergreen nuts, olive, date, cocoanut, and ba¬ 
nana. The first two chapters cover the tree and its fruit and the means of con¬ 
trolling the environment, with special reference to soil factors. The cover shows 
an orange grove in color, with a snow-capped moimtain in the background. The 
illustrations throughout the book are excellent. The appendix contains 687 refer¬ 
ences to important literature, which are arranged by chapters. So much of the 
material is of such general interest as to justify having the book available in all 
agricultural libraries. The book represents a highly important contribution to 
the literature in the horticultural field. 

An Exploratory Stvdy of Soil Groups in the Belgian Congo. By Charles E. 
Kellogg and Ftoblia D. Davol. LTnstitut National pour I’Etude Agro- 
nomique du Congo Beige, Brussels, 1949. Pp. 73, figs. 35. Price, paper bound, 
100 fr. 

This study, number 46 of a scientific series of the I.N.E.A.C., is purely ex¬ 
ploratory, but it provides some very interesting material on the soils and agri¬ 
culture of the Belgian Congo. Laboratory studies on some 25 representative soil 
profiles are reported. The soils are, for the moat part, classified as latosols, with 
some red prairie and red-yellow and brown podzolic soils, and pound-water 
laterites. The data include pH values, phosphorus, organic matter, exchangeable 
cations, exchange capacity, and clay minerals. Special emphasis is placed on 
rotational forestry as a means of collecting mineral nutrients at the soil surface 
for use in crop production. This is a highly interesting and very constructive 
report. 

Frontiers in Colloid Chemistry. Edited by R. E. Burk and Oliver Grummitt. 
Interscience Publishers, New York, 1950. Pp. 157. Price $ 4 . 

Frontiers in chemistry, of which this is volume 8 , is a series published under 
the auspices of Western Reserve University. This volume contains chapters on 
role of adsorption in colloid science, by Hu^ S. Taylor; frontiers in chromato- 
paphic adsorption analysis, by Harold H. Strain; ion exchange, with special 
reference to synthetic resins, by Robert J. Meyers; sedimentation, by V. R. 
Damerell; colloidal electrolytes, ivetting agents, and detergents, and organiza- 
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tion of crystals and micelles of soap: solubilization and detergency, by James 
W. McBain. A long list of references is appended to each chapter. Most of the 
material is of much interest and value to soil physicists and physical chemists 
and should be made available to all graduate students in soils. 

List of Plant Breeders in Canada and the United States of America, By Food and 

Agricultural Organization of the United Nations. Columbia University Press, 

New York, 1949. Pp. 64. Price $0.75. 

This is a reference list of classified information giving the names and addresses 
of the plant breeders in Canada and the United States and the specific plants 
with which they are working. It is interesting to note that 60 men are breeding 
alfalfa, 95 barley, 51 cotton, 107 maize, 90 oats, 53 potato, and 116 wheat. 
Among the tree plants are maple, ash, papaw, beach plum, elm, pea, pecan, 
chestnut, cedar, filbert, fig, apple, peach, pine, pear, larch, poplar, and spruce. 
A great variety of smaller plants are listed, including bentgrass, onion, bacteria, 
buckwheat, buffalo grass, chicory, cranberry, crocus, fungi, lichti, lupine, rape, 
rubber, safflower, squill, and trefoil. 

Microhiologie du Sol. By S. Winogradsky. Masson et Cie, Paris, 1949. Pp. 861. 

Price, paper bound, 3,000 fr. 

Every soil microbiologist will want a copy of this volume, containing all of 
the author’s publications that appeared over the period of 60 years during which 
he was engaged in research in this field. With two exceptions, in English, all 
the papers are in French. The material is of great interest to those who desire 
to know something about the beginnings of soil microbiology, notably that part 
having to do with nitrification, nitrogen fixation, and the iron and sulfur bac¬ 
teria. The several chapters deal with autotrophes, morphology of bacteria, 
nitrification, anaerobic fixation, retting of flax, microbiological ecology. Wino¬ 
gradsky began his studies in 1885, and his first paper, on sulfur bacteria, was 
published in 1887. For a part of the 63-year period since that date, he was en¬ 
gaged in private business, but he returned to the field of microbiology in 1922 
when he accepted an appointment at the Institut Pasteur. He has since been at 
Brie-Comte-Robert, where he is still actively engaged in study and research. 
The volume contains all the original illustrations and is of great historical value. 

Phenomena, Atoms and Molecules. By Irving Langmihe. Philosophical Library, 

Inc., New York, 1950. Pp. 436. Price $10. 

For 40 years the author of this book has occupied a unique position in that 
he has enjoyed “more academic freedom” in a large industrial laboratory than 
he ever had encountered in a university, and he had sufficient funds at his dis¬ 
posal to finance whatever he saw fit to do. The book begins with a chapter on 
science, common sense, and decency, then considers science legislation and 
world control of atomic energy, and finally deals more specifically with the 
author’s researches on surface chemistry, orientation of molecules, atomic hy¬ 
drogen, forces near the surfaces of molecules, isomorphism, molecular dissymmetry. 
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metastable atoms aad electrons, gas molecules, evaporation of molecules, atoms, 
ions, and electrons, mobility of caesium atoms adsorbed on tungsten, and types 
of valence. The bibliography is a list of the author’s 215 publications arranged 
according to subject matter. Of these papers, 20 are reprinted in full in this 
volume. The book is of special interest to those who are concerned with the 
physicochemical aspects of soil-plant science. 

Plant Ecology Work Book. By J. T. Curtis. Burgess Publishing Co., Minneapo¬ 
lis, 1950. Pp. 39. Price $1.75. 

This laboratory, field, and reference manual is designed for a one-semester 
course in ecology. It outlines eight laboratory exercises on morphological adapta¬ 
tions to the water factor, effect of soil moisture on plant growth, effect of soil 
type on plant growth, tree ring studies, fossil pollen analyses, measurement of 
environmental factors, use of sampling methods, and denudation quadrats. The 
reference material covers species composition of the several forest and prairie 
areas, and vegetation, soils, and climatic maps for Wisconsin. Some 150 refer¬ 
ences are appended. In addition there are some 75 hardwood forest data sheets 
for field use with spaces for filling in the ecological data. This is an attractively 
prepared manual, which should be very useful to instructors in this subject. 

Soils of Wisconsin in Relation to Silviculture. By S. A. Wilde, F. G. Wilson, 
AND D. P. White. Wisconsin Conservation Department, Madison, 1949. Pp. 
171, figs. 74. Price, paper boxmd, $1. 

The authors are concerned with those aspects of soils that are of special interest 
to foresters. Concrete examples are given of the part soil plays in the selection 
of species for reforestation, in tree-planting techniques, in rate of growth, in 
protection against parasites, and in conservation. But the book will be of con¬ 
siderable interest to all students of the origin and nature of soils. The material 
is classified under immature soils, soils in the podzol region of conifers and 
northern hardwoods, and soils in the prairie-forest region of oak and associated 
hardwoods. The illustrations are especially interesting and attractive. The ap¬ 
pendix contains tables on the major characteristics of Wisconsin’s soil-forest 
types, planting-site requirements of tree species commonly planted or adapted 
to Wisconsin, common and scientific names of Wisconsin trees and shrubs, and 
a glossary of important terms pertinent to soils and forests. A list of references 
is also appended. 

Os Sohs do Estado de Sdo Paulo. By Jose Setzer. Institute Brasileiro de Geo- 
grafia e Estatistica, Conselho Nacional de Geografia, Rio de Janeiro, 1949. 
Pp. 387, figs. 72, diagrams 12, maps 6. 

This is a report of a soil survey of the State of Sao Paulo, Brazil. The work 
was started in 1935 by Professor Vageler, who continued with it until he left 
Brazil in 1939. His assistants then completed the job. Some 450 soil profiles were 
studied and about 1,000 samples of A-horizon material were analyzed. The re¬ 
port gives the parent materials, climate, topography, history of land use, crops, 
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and types of fanning. A 9-page summary in English is appended. The bibliog¬ 
raphy contains 114 references. The illustrations, including both photographs and 
diagrams, are of considerable interest and value, and the maps give generalized 
pictures of the geology, climate, and soil. 

Wartime Economic Planning in Agriculture, By Bela Gold. Columbia Univer¬ 
sity Press, New York, 1949. Pp. 594. Price $6.75. 

This is number 551 of studies in history, economics, and public law edited by 
the faculty of political science of Columbia University. It has to do with the 
mobilization of agriculture, production levels in agriculture, distribution of food 
supplies, adequacy of measures taken, and conflicting pressures during World 
War II, with some suggestions on future economic planning. In commenting on 
production results the author writes: 

With the approach of hostilities, agriculture joined other war industries in the march 
toward production levels which would surpass all previous peaks, but its pace was slower, 
the duration of its upsurge shorter and, hence, its accomplishments less extraordinary than 
were achieved by most of the others. . . . Increases in agricultural production during 
1940-45 constituted a substantial contribution to the war effort, but one hardly commen¬ 
surate with the heroic demands of the emergenc 3 ^ 

He then proceeds to analyze the causes for our falling “so seriously short even 
of feasible potentials.” The difldculty is laid largely to the inadequacy of govern¬ 
mental planning agencies and to competing and conflicting interests. The book 
contains a large amount of highly important data on the production and distri¬ 
bution of agricultural commodities and has considerable value for reference pur¬ 
poses. 

The Editors. 

INTERNATIONAL CONGRESS OF SOIL SCIENCE TO MEET 

The Fourth International Congress of Soil Science will meet at Amsterdam, 
Netherlands, July 24 to August 1, 1950. Among those listed on the program 
are Richard Bradfield, C. E. Marshall, H. L. Jensen, T. Wallace, F. E. Bear, 
C. E. Kellogg, H. H. Bermett, L. Dudley Stamp, R. K. Schofield, L. Gisiger, 
C. H. Bomebusch, J. H. de Hann, and L. A. Richards. Following the meetings 
there will be 10 days of excuisions to three research centers in the Netherlands 
and 6 days to three research centers in Belgium. Further information may be 
obtained from Dr. P. A. Rowaan, 3 Van Hallstraat, Groningen, Netherlands. 




TOTAL SURFACE OF CLAYS IN POLAR LIQUIDS AS A CHAR¬ 
ACTERISTIC INDEX 

R. S. DYAL AND S. B. HENDRICKS 
U. S. Department of Agriculture 

Heoeived for publication December 5,1049 

Montmorillomte is one of the important components contributing to the 
cation-exchange capacity and plasticity of soils. Methods for its estimation 
have been based on x-ray diffraction, chemical analysis for characteristic con¬ 
stituents, cation exchange, and differential thermal analysis. None of these 
is entirely adequate, but combined use of several methods is rather reliable 
even though time-consuming. Diffraction methods, which are often used, depend 
upon the degree of orientation of the layer minerals in the sample. Difficulty 
is experienced in obtaining either extreme of perfectly or randomly oriented 
samples. 

Montmorillonite and endellite, the hydrated form of halloysite, are the 
only clay minerals that form definite solvates with polar molecules between the 
structural layers. Layer hydrates of montmorillonite contain one to possibly 
four layers of water molecules (4, 7), and conditions cannot necessarily be 
established for formation of a definite hydrate to the exclusion of others. Ethyl¬ 
ene glycol, glycerol, and other polyhydroxylic aliphatic compounds have been 
shown by Bradley (1) and MacEwan (6) to form two-layer solvates in the presence 
of excess solvent. These solvates are relatively stable under desiccation or exposure 
to moist air. Their stabilities and the fact that the separation of the layers is 
in the region of 17.0 A. make the solvates ideal for identification of montmoril¬ 
lonite by x-ray diffraction. It might be expected that a definite amount of a 
compound would be required for complete formation of the solvate and that 
direct estimation of this amount could serve as the basis for an analytical method. 

Presence in clays and soils of mixed layer minerals (3, 10) having in part the 
swelling and base-exchange properties of montmorillonite raises some question 
as to the type of analysis desired. These minerals cannot readily be identified 
by x-ray diffraction methods and their poorly defined character has limited 
complete mineralogical descriptions of finely divided fractions of soils. An 
analytical method is needed to measure the interlayer swelling irrespective 
of mineral type. One is proposed here depending upon direct gravimetric deter¬ 
mination of ethylene glycol sorption of a sample. 

Solvation of clay minerals takes place not only between structural layers 
where possible but also on external surfaces: measurement of total solvation, 
therefore, can afford a measure of total surface in polar ^sterns. If the internal 
surface alone is to be determined, then some estimate must be made of external 
surface. This can best be done by the Brunauer, Emmett, Teller method (2, 8) 
of gas sorption using nonpolar compoimds. Approximate values of external sur¬ 
face can also be obtained by several other simple methods, as will be described. 
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In the end, however, greatest interest for soils work might be in the total surface 
for polar systems, since this would give a measure of interaction with water. 
The cation-exchange capacities of clay minerals also appear to be approximately 
determined by the total surface in polar systems. 

MATERIALS 

Clay minerals of the montmorillonite, micalike (hydrous mica), and kaolin 
groups were selected, and fractions having apparent diameters of less than 
2 n were separated by sedimentation. The finely divided fraction separated from 
commerical Wyoming bentonite (Volclay) was used in much of the work on 
montmorillonite. Observations were also made on a number of bentonite samples 
selected by the Filtrol Corporation of Los Angeles as representing clays with 
various swelling characteristics. These were labeled as Randsburg, Blue Ita¬ 
wamba, Chambers, Tehachapi, and Cheto. Kerr and Kulp (5) refer to mont¬ 
morillonite from Itawamba mine of the Filtrol Company in ItawambaXJounty, 
Mississippi. They also refer to a montmorillonite from Chambers, Arizona. 

lUite separated from a type of shale^ was used for most of the observations 
on micalike miners. A carefully separated material from the Ordovician bentonite 
of Chickamauga Dam, Tennessee; hydrous micas from Evansville, Tennessee, 
from Thunder Mountain, Nevada, and from Manhattan, Nevada; and a tjrpical 
sericite from Amelia, Virginia, were also studied.* Commercial English china 
clay, from a large lot that has been extensively studied in this laboratory, 
served as a reference kaolinite type clay mineral. Halloysite (AI 2 O 8 *28102'21120) 
was separated from type indianite.* 

Ethylene glycol was the purified grade of the Eastman Kodak Company. 
This was used without further treatment in many of the early experiments. 
In the final work it was redistilled under reduced pressure to eliminate water 
and a minor impurity of low volatility. 

DESORPTION OF ETHYLENE GLYCOL 

Changes in the rate of loss of ethylene glycol under conditions of molecular 
distillation, that is, improbable return of an escaping molecule, from glycol-clay 
mixtures give an insight into glycol and clay interaction. Measurements were 
carried out with the arrangement shown in figure 1. A weighed amount of 
clay, which had been saturated with a particular ion and then dried to constant 
weight over P 2 O 6 at room temperature, was mixed with an approximately 
equal weight of ethylene glycol. The mixture contained in a shallow weighing 
dish (2.0 cm. in diameter) was placed on the pan of the Jolly balance housed in 
a container that could be evacuated. The container was a 12-inch vacuum des¬ 
iccator with a long ^ass tube fitted into the top to give room for the JoUy 
spring. The bottom of the desiccator was covered with a thick layer of anhydrous 
CaCh. Evaporation of the glycol was started by evacuating the system to less 

^ Supplied by R. E. Grim of the Illinois State Geological Survey. 

* These materials were supplied by Clarence Ross of the U. S. Geological Survey. 

• Collected by Eugene Callahan of the University of Indiana. 
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than 0.1 mm. Hg and was followed by observing a fixed point on -the Jolly 
spring with a Cathetometer. A flat glass was sealed with Canada balsam to the 
side of the desiccator to facilitate observation. 

Evaporation of ethylene glycol in the presence of hydrogen Randsburg mont- 
morillonite is contrasted in figure 2 with that of the pure liquid in a similar con¬ 
tainer. Rate of glycol loss in the presence of the clay becomes very slow near 



Fig. 1. Apparatus foe Continuous Observation op Desorption under Vacuum 
OP Ethylene Glycol from Clays 

0.25 gm. glycol per gram clay. The montmorillonite complex formed in this 
way has an interplanar spacing of about 17.1 A., which is the value found by 
Bradley (1) and MacEwan (6) for the two-layer solvate. 

Results obtained with ethylene glycol evaporation in the presence of illite, 
haJloysite, and kaolinite are shown in figures 2 and 3. The various samples 
were weighed on an analytical balance after 960 minutes to obtain accurate 
values for residual ethylene glycol. The values for halloysite and kaolinite were 
0.020 and 0.019 gm. per gram clay, respectively. 

The rate of ethylene glycol loss, either alone or in the presence of a clay, 
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Fzg. 2. Eya?obatzon of Ethylenb Gdycol from Ranbbbxtbq Bentonite, iLLXTa^ ahd 
A Free Sttbface in a Dish of 2.0 cm. Diameter 



Fze. 3. ETHYiiENE GziTcoL Evaporation from the Kaoun Minerals, Hallotsite 

AND KaOLINITB, CONTRASTED WITH ThAT PROM A FrEB SURFACE 

IN A Dish of 2.0 cm. Diameter 
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naturally depends upon the surface exposed to desiccation. In the presence 
of clay, diflftision of glycol from the lower portion in a weighing dish to the 
top of the solid might become limiting. The isothermal loss from the pure liquid 
should, of course, be predictable if ideal conditions for molecular distillation are 
established. Under the conditions of these experiments, however, it seemed best 
to test empirically the rate of loss from several containers of different cross 
section. Results obtained for hydrogen Wyoming bentonite are shown in figure 4. 



Fig. 4. Ethtlenb Glycol Evaporation from 1.0 gm. of Hydrogen Wyoming Bentonite 
AND A Free Sitbface in wEiGmNG Dishes of Different Diameters 

external and internal surfaces 

External surfaces imder nonswelling conditions were measured by the Brun- 
auer, Emmett, and Teller (BET) method (2). These measurements were carried 
out^ with ethane at —TS^C. (8). The surfaces of the hydrogen Wyoming bento¬ 
nite, kaolinite, and halloysite measured in this way were 43.9, 28.2, and 44.4 
sq. m./gm. respectively after drying at 200°C. The surface of the bentonite 
showed a variability of about 5 per cent, depending upon the way in which 
the material was treated during drying. 

The total layer face surface area of montmorillonite can be calculated on the 
basis of a unit cell having a — 5.25 A. and b = 9.20 A. containing one (A1 i.6t 
Mgo. 3 ») Si 40 io(OH )2 Ho.ss in average composition per face (10). The face area 
for a unit weight (360 gm.) thus is 5.25 X 9.20 X 10"^® X 6.02 X ICP sq. cm. 
or 2.91 X 10® sq. m. corresponding to 810 sq.m./gm. Variations in composition 

* By R, A. Nelson, formerly of these laboratories. 
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change this value, but the change would be serious only in the presence of 
considerable iron in the lattice as in nontronites. 

The external surface for the hydrogen Wyoming bentonite (43.9 sq.m./gm.) is 
only about 5 per cent of the total face surface area. This external surface, of course, 
is formed in part of external layer faces as well as side faces. If the individual 
crystals have a thickness of less than one tenth their lateral dimensions, as is 
indicated by electron micrographs, then the side face area is less than 20 per 
cent of the external surface, or about 1 per cent of the layer face surface. 

Adsorption upon an external layer face is not equivalent to that on an internal 
face. In the latter case, the adsorbed glycol on a particular face would be in 
contact with that on a contiguous face. Complete or partial formation of two 
layers of ethylene glycol might take place on external faces. In montmorillonite, 
perfection of the (001) x-ray reflections diow that many silicate layers are pres¬ 
ent in the diffracting unit, that is, the number of external faces is small compared 
with the number of internal ones. 

The preceding considerations afford a basis for estimating the amount of 
ethylene glycol required for a single surface layer corresponding to two glycol 
layers between silicate surfaces of montmorillonite. This value is 0.25 gm. 
glycol on 810 sq. m. of surface or 3.10 X 10^ gm. glycol per square meter. The 
corresponding area per glycol molecule is 33 X 10“^® sq. cm., a value consistent 
with the ethylene glycol molecules lying with CHa and OH groups upon the 
surface as required by Bradley’s determination of electron distribution in the 
layer solvates (1). 

If 3.10 X 10^ gm. glycol per square meter is taken as the quantity necessary 
for formation of one layer, then the kaolinite and halloysite samples with external 
surface areas of 28.2 and 44,4 sq.m./gm. would require 0.0088 and 0.0138 gm. 
ethylene glycol, respectively for single layers. Since about 0.02 gm. glycol is 
present per gram of clay, a clear-cut conclusion cannot be drawn between 
presence of single layers, double layers, or possible intermediate values of glycol 
on the external clay surfaces. 

ANALYSIS FOR INTERLAYER SWELLING 

The internal surface is the difference between the surface indicated by ethylene 
glycol retention and the external surface. The ethylene glycol value can best 
be measured by the Jolly balance procedure. Results given in figures 2 and 3, 
however, indicate that the rate of loss in weight below the point of change to 
the lowest rate is very small. With the arrangements used here, involving about 
1 gm. of clay and 1 gm. of ethylene glycol in a dish of arbitrary type and arbitrary 
placement in the desiccator, 16 hours is usually adequate to reach this region. 
This 16-hour value can be used as a measure of the surface for ethylene glycol 
retention. A second weighing should be made a number of hours later, say after 
a total time of 23 hours, as convenient, to establish that the region of lowest 
rate of loss had been attained or that different times are required. The surface 
in square meters per gram can be taken as the weight of glycol retained per gram 
of clay divided by a constant, which might be 3.10 X 10"^. The value of this 
constant might be questionable for clays having small internal swelling. 
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Direct measurement of ethylene glycol retained by the external surface of 
a substance Tvould be preferred to an independent determination of external 
surface and an estimate of the amoimt of glycol retained by a unit area. This 
implies some method of preventing internal swelling. After several possibilities 
were tested, attention was devoted to prior heating as a method for suppression 
of interlayer swelling of montmorillonite in polar liquids. 

Results obtained for ethylene gtycol retention of several clay minerals heated 
at various temperatures in air for 4 to 5 hours are listed in table 1. Hydrogen- 
saturated montmorillonites heated to 500°C. still show interlayer solvation; 
also, the amount of ethylene glycol adsorbed by the illite has increased. When 
the clays are heated to 600°C., interlayer swelling is further reduced for the 
H-montmorillonite, and the surface is within the region indicated by the BET 
method, that is, same order of magnitude as the values found for kaolinite and 
haUoysite. 

Kaolinite, haUoysite, and illite foUowing heating undergo some change in 
ethylene glycol retention. The absolute change, however, is small compared 
with the retention value for unheated montmoriUonite and is not a serious 
factor limiting the use of heating as the basis for an approximate method. 

DETAILED INSTRUCTIONS 

Treatment of the several preceding topics makes possible presentation of 
a detailed method for measuring ethylene glycol retention by clays. 

A'pparatus: Pyrex vacuum desiccator (12-inch) with porcelain plates. Vacuum 
pump to reduce pressure to less than 0.1 mm. Hg, analytical balance, and 
weighing dishes 2.0 cm. in diameter by 2.0 cm. in depth. 

Chemicals: CaCh anhydrous, P 2 O 6 , and ethylene glycol purest grade. RedistiU 
the ethylene glycol in vacuum, discarding the first and last 10 per cent of dis- 
tiUate. 

Procedure: Separate the fraction of clay or soil less than 2.0 m in diameter 
and saturate it with respect to hydrogen, then dry it on a steam bath (there is 
evidence that this heating might have to be avoided) and grind it to pass 60 
mesh. Place about 1.1 gm. in a weighing dish and dry it to constant weight in 
vacuum (< 0.1 mm.Hg) over P 2 O 5 . First reduce the pressure to 2 or 3 cm. Hg 
and after at least 2 hours reduce it to the final value to prevent “boiling’’ due 
to escape of air. Heat a separate sample of about 1.2 gm. of the hydrogen-saturated 
clay at 600®C. for 4 hours. 

After the sample has reached constant weight over P 2 O 6 or after the heat 
treatment, weigh accurately, add about 1.0 ml. of redistilled ethylene glycol, 
and set aside overnight to allow imiform wetting. Then place the weighing dish 
in the vacuum desiccator above about 500 gm. of anhydrous CaCU and evacuate 
the system to a pressure of less than 0.1 mm. Hg. After 16 hours, introduce dry 
air into the desiccator, and remove and weigh the sample. Replace the sample, 
evacuate the desiccator for an additional 7 hours, then weigh the sample again. 
Six determinations can be made in one desiccator at a time. Replace the CaCU 
or dry it at 250°C. for 24 hours after it has been used to adsorb ethylene glycol 
from 18 samples. 



428 


R. S. DYAL Am> S. B. HENDRICKS 


If the loss in weight between 16 and 23 hours, which times are chosen for 
convenience of the working day, is less than 0.020 gm., use the 16-hour value 

TABLE 1 


Ethylene glycol retention by various clay minerals after heating in air 


CXAY UDISSAL 

TBUFEKATUXE 07 
TKEAXICEKT 

XIHYIE^'£ GLYCOL SETENTIOK 

16 hrs. 

24 hrs. 

39 his. 





gm ./ gfn . 

H -Montmorillom te 





Wyoming 

unheated 

0.263-0.262 

0.236-0.246 



400 

0.153 

0.137 

0.105 


600 

0.056-0.040 

0.041 

0.028 


600 

0.034 r -0.020 

0.019 

0.012 

Bandsburg 

unheated 

0.240 

i 

1 0.226 



400 

0.147 

0.134 

0.120 


600 

0.044 

0.031 

0.023 


600 

0.008 

0.006 

0.004 

Blue Itawamba 

unheated 

0.236-0.259 

0.214 



400 

0.153 

0.129 

0.105 


500 

0.098 

0.079 

0.061 


600 

0.036 

0.027 

0.017 

Ca-Montmorillonite 





Randsburg 

600 

0.234 

0.219 

0.201 

Blue Itawamba 

unheated 

0.244 




600 

0.232 

0.211 

0.187 

La-Montmorillonite 





Wyoming 

400 

0.291 

0.262 

0.244 


600 

0.264 

0.240 

0.220 


600 

0.248 

0.224 

0.206 

H-Kaolinite 

unheated 

0.019-0,028 

0.015 



400 

0.027 I 

0.018 

0.014 


600 

0.015-0.010 

0.011 

0.009 


600 

0.011-0.018 

0.007 

0.006 

H-Halloysite 

unheated 

0.020 

0.014 



400 

0.063 

0.022 

0.015 


500 

0.081 

0.016 

0.011 


600 

0.079 

0.012 

0.011 

H-Hlite 

unheated 

0.073-0.060 

0.058 

0.046 


400 

0.086 

0.055 

0.041 


500 

0.098-0.086 

0.059 

0.037 


600 

0.087-0.075 

0.047 

0.025 


for ethylene glycol retention. Performance of the ^stem can be tested by evap¬ 
oration of ethylene ^ycol at the rate of at least 1.0 ml. in 8 hours. 
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The difference between ethylene glycol retention of the unheated and heated 
clay divided by 3,10 X 10^ expresses the approximate extent to which the clay 
has montmorillonite interlayer swelling. 

APPLICATION OF THE METHOD 

Results for ethylene glycol retention by various clay minerals are shown in 
table 2. It will be noted that the six montmorillonite samples give siiidlar values, 
indicative of the solvation of essentially all layers. Ethylene glycol retention by 
the six micalike clay minerals is smaller and more variable, as would be expected 
if solvation is largely restricted to external surface. For the specimen from 

TABLE 2 


Ethylene glycol retention hy varioue clay minerale previously dried over PjO# 



SZEYZENX GLYCOL XZTENTZ017 

STTSTAne SKirow. 

CIJLY ICDOEXAL 






16 hzs. 

34br8. 

Btefttedto600* 

' 23hz8. 

BET 


gm,/gm. 

gm.fgm- 


SQM./gm, 

H-Montmorillonite 





Wyoming 

0.253 

0.236 

0.019 

43.9 

Bandsburg 

0.240 

0.226 

0.006 

51.6 

Blue Itawamba 

0.236 

0.243 

0.027 

89.8 

Tehachapi 

0.246 

0.223 



Chambers 

0.274 

0.258 



Cheto 

0.289 

0.273 



Micalike 





Ulite 

0.073 

0.058 

0.058 

j 89.6 

Chickamanga Dam 

0.059 

0.051 



Evansville, Term. 

0.096 

0.074 

0.054 

53.4 

Thunder Mt., Nev. 

0.047 

0.039 

0.024 


Manhattan, Nev. 

0.044 

0.036 

0.035 


Sericite, Amelia, Va. 

0.026 

0.014 



Kaoline 





Eaolinite 

0.019 

0.014 

0.007 

28.2 

Halloysite 

0.020 

0.014 

0.012 

44.4 


Evansville, Tennessee, the relatively large value of ethylene glycol retention 
after 24 hours (the more trustworthy period in this case) and the decrease in 
this value upon heating to 600°C. as well as the medium value of the external 
surface for ethane adsorption indicate presence of interlayer swelling. This swell¬ 
ing is about 10 per cent of that of montmorillonite and is not unexpectedly great 
for micalike clay minerals. 

Results obtained from mixtures of H-Wyoming bentonite (montmorillonite) 
and H-kaolinite are shown in figure 5. A linear relationship is found between 
ethylene glycol retention and percentage of montmorillonite except for the region 
below 5 per cent. Irregularity in this region might have been a result of using a 
single desiccator for all ten samples. 

Measurements of ethylene glycol retention by the separated clay fractions 
(2 m) from the B horizons of several soils now under study in other work on 








m 


R. S. DYAL AND S. B. HENDRICKS 



% Kootin 

Fig. 6- Ethylene Gltcol Retention by Various Mixtures of Kaounitb and 

Montmoeillonite 


TABLE 3 

Ethylene glycol retention by clays of several soils from upland and river terraces of 

southern coastal plain 


son. SESIES AND ION 

lAB. NO. 

LOCATION 

ETRVLENE GLYCOL SSIENTION AYTES 24 HOUBS 

Unhcated 

Heated to 
600*C 

For internal 
swelling 

H-Rust on 

45648 

Union Parish, La. 

gm./gm. 

0.042 

gm.fgm. 

0.040 

gm.fgm, 

0.0 

H-Cahaba 

45637 

Lincoln Parish, La. 

0.059 

0.055 

0.0 

H-Leaf 

45553 

McLennan Co., Texas 

0.147 

0.078 

0.069 

H-Boswell 

45577 

Henderson Co., Texas 

0.170 

0.087 

0.083 

Ca-Leaf 

45553 

McLennan Co., Texas 

0.160 

0.071 

0.089 

Ca-Boswell 

45577 

Henderson Co., Texas 

0.175 

0.064 

0.111 


classification are shown in table 3. Two of these, the Huston and the Cahaba, 
are essentially free of interlayer swelling. The other two, the Leaf and the Bos¬ 
well, have about 60 per cent of the ethylene glycol retention of montmorillonite, 
which is here taken as 0.24 gm. per gram montmorillonite after 24 hours. The 
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amount of ethylene glycol involved in internal swelling is shown in the last 
column of table 3. 


DISCUSSION 

The initial purpose of this work was to develop a simple method for quantita¬ 
tive estimation of montmorillonite in clays separated from soils. This objective 
was realized within its narrow sense by measurement of interlayer awellmg 
which is a property peculiar to montmorillonite among the pure clay minerals. 
As the work progressed, however, the evidence became overwhelming that an 
even more fundamental property of clays was being measured. This property 
was interaction of external as well as swelling surface with polar liquids. Water 
is, of course, the most important of these liquids, but neither a simple nor an 
adequate way was conceived for its use. 

The property to be measured is the retention by clays under equilibrium 
conditions of some compound containing predominant hydroxyl groups. Capil¬ 
larity phenomena are confusing near saturation pressures. At lower pressures, 
water and some other polar liquids form incomplete solvates. Many glycols, 
however, form definite montmorillonite solvates having low vapor pressure 
relative to that of the liquid. The condition thus can be realized of evaporating 
excess liquid without having an indefinite solvate remaining. Choice of ethylene 
glycol was based on its reasonable but low volatility in vacuum at room tempera¬ 
ture. 

Several uncertainties are evident. The amount of ethylene glycol required for 
surface solvation of montmorillonite is perhaps uncertain by about 6 per cent 
of its value as a limit, that is, 0.255 zfc 0.015 gm. per gram montmorillonite. 
This is because loss of liquid is continuous. An analysis of the loss curves could 
lead to a more exact criterion than that of inspection as used, but other uncer¬ 
tainties, such as lack of separation of all layers, did not seem to justify such a 
procedure. The low total surface of kaolin minerals introduces a greater per¬ 
centage error into their ethylene glycol retention; in fact, this might be as great 
as 25 per cent, for example, 0.02 ± 0.005 gm. per gram clay. Measurement for 
these minerals can be greatly refined, but the approximate value simply obtained 
meets the present purpose of use in intermediate regions. 

Other methods of solvation were tried and discarded. Among these was wetting 
with ethylene glycol followed by washing with various nonpolar solvents and 
analysis by periodate oxidation. Adsorption from a saturated vapor and desorp¬ 
tion of ethylene glycol at a reduced temperature relative to the sample proved 
unsatisfactory, possibly because of capillary condensation. 

The solvation constant is the desired quantity for clay characterization, but 
there is interest in the extent of internal solvation, which requires estimation of 
external surface. Destruction of swelling by heating has inherent dangers. An 
effort was made to keep the required temperature as low as possible to avoid 
structural rearrangements. Temperatures of 600°, as used, unfortunately are 
high enough for decomposition of kaolin minerals. Previous measurements, how¬ 
ever, have indicated that the BET values are not greatly changed by decom- 
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position (9). An alternative procedure would be to obtain BET values, but this 
would be the most arduous part of the procedure in ^stematic application. A 
simplified method based upon desorption of toluene and other nonpolar solvents 
followed with the Jolly balance was attempted but not examined thoroughly. 

Figures 2 to 4 show that evaporation of ethylene glycol from clay takes place 
at nearly the same rate as that from the pure liquid over a considerable region. 
After disappearance of a liquid surface, this rate, of course, is influenced by the 
area of the exposed clay and the rate of movement of ^ycol from lower portions 
of the clay. In a 4.0-cm. diameter dish containing 1.0 gm. of clay, the rate of 
loss of glycol deviates from that of the pure liquid, in a similar dish, at about 
0.45 gm. per gram montmoriUonite. A marked change in rate of glycol loss from 
kaolinite in a 2.0-cm. dish takes place only below 0.10 gm. per gram clay. These 
values are of interest in indicating the maximum distance over which the heat 
of vaporization of a hydroxylic liquid is appreciably influenced by the presence 
of clay. The distance is less than 5 atomic diameters; this measurement, though 
crude, is perhaps unique in being trustworthy and can be refined greatly when 
desired. 


SUMMARY 

A simple gravimetric method based on retention of ethylene glycol has been 
devdoped for measuring total surface, external surface, and, by difference, in¬ 
ternal surface for clays in water and other polar ^sterns. A number of clay 
minerals and several clay fractions of soils were tested by the procedure. The 
results can be normlaized against montmoriUonite and the values obtained used 
as an index, important for description of soils, that replace in part the need for 
mineralogical analysis of the clay fraction. 
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EFFECT OF VARIOUS LEACHING TREATMENTS ON GROWTH OF 
ORANGE SEEDLINGS IN OLD CITRUS SOTTfii 
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Received for publieatxon November 28,1940 

It is often difficult to grow citrus trees satisfactorily in California soils pre¬ 
viously cropped for long periods to orange, lemon, or grapefruit. In greenhouse 
experiments* citrus seedlings made 50 to 175 per cent more growth in soil from 
areas that had never been cropped to citrus than in that from adjacent old orange 
and lemon orchards. Ordinary fertilization did not rectify the condition. Heavy 
treatment of the soil with such fumigants as carbon disulfide, D-D, chloropicrin, 
and ethylene dichloride usually improved growth of citrus seedlings, and in 
some cases more than doubled it, but did not increase growth to a point com¬ 
parable to that in fumigated or untreated noncitrus soil. Since the fumigation 
treatments markedly altered the microbial population of the soil and yet did 
not restore its original productive power with respect to citrus, it was decided 
to tiy some rather drastic chemical leaching treatments, on the theory that in 
addition to harmful organisms some kind of a toxin might be accumulating in 
these old soils and exerting a depressing effect on growth. 


EXPERIMENTAL 


Experiment 1 

Hanford sandy loam was used for the studies reported in this experiment. 
Soil was obtained from an old citrus grove in which the owner is experiencing 
difi^culty in establishing satisfactory replants. Soil was also obtained from an 
adjacent garden plot and from several other areas that had never been cropped 
to citrus. The soils were taken from a depth of 8 to 48 inches. 

Two months before planting, the soils were placed in 3-gallon pots and treated 
as follows: 


Leaching ireaimenf 

None (control) 
Distilled water 


Ethyl alcohol 


Procedure 

Allowed to Stand in greenhouse until crops were planted. 
Leached 8 hours a day for 6 weeks with distilled water. Ap¬ 
proximately 2 to 3 gallons of water a day leached throu^ 
each pot. Soil allowed to dry out in pots prior to planting. 
Leached with 6 gallons of 95 per cent ethyl alcohol per pot. 
More than 5 gallons of alcohol leached through each pot. 
Soil spread on paper to dry thoroughly; then fertilized, 
repotted, and planted. 


^ Paper No. 630, University of California Citrus Experiment Station, Biverside, Cal¬ 
ifornia. 

^ The author expresses his appreciation to Thomas Beckett and Jarel Ervm for green¬ 
house assistance, and to H. D. Chapman for helpful suggestions in the course of this work. 

* Martin, J. P. Effect of fumigation, fertilization, and various other soil treatments 
on growth of orange seedlings in old citrus soils. Soil Sci, 66 : 273-288.1948. 
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Leacking treatment 

H 2 SO 4 pretreatment, cal¬ 
cium saturation 


KOH pretreatment, calcium 
saturation 


NH4CI pretreatment, cal¬ 
cium saturation 


procedure 

Leached with approximately 6 gallons of 2 per cent HsS04 
per pot, with N ammonium acetate at pH 7 until the 
leachate came through at pH 7, and then with N CaCU 
until no ammonia was present in the leachate. Excess 
chloride was leached out with distilled water. Soil allowed 
to dry out in pots prior to planting. 

Leached with approximately 4 gallons of 2 per cent KOH 
per pot, then converted into a calcium soil as in the acid 
(H 2 SO 4 ) treatment above. Soil allowed to dry out in pots 
prior to planting. 

Leached with N NH4CI solution at pH 4 until the leachate 
came through unchanged; then converted into a calcium 
soil as in the acid (H2SO4) treatment above. Soil allowed 
to dry out in pots prior to planting. 


Just prior to planting, each pot of soil received the following fertilizers: 


Grams 

Material Per pot 

Ammonium nitrate, C.P.4.0 

Treble superphosphate, commercial.2.0 

Potassium chloride, C.P. 0.7 

Magnesium sulfate (MgS04-7H20), C.P. 0.4 

Copper sulfate (CuS04*5H20), C.P. 0.028 

Boric acid, C.P. 0.006 

Manganese sulfate (MnS04'4H20), C.P.0.084 

Zinc sulfate (ZnS04*7H20), C.P. 0.028 


The phosphate was mixed with the soil, and the other fertilizers were added 
in solution. 

The leaching treatments were replicated nine times for each soil. Three pots 
from each treatment and from each soil were planted respectively to sweet 
orange seedlings, sour orange seedlings, and tomato plants, two plants being 
placed in each pot. Citrus seedlings sdected for size and vigor were planted 
bare-root^ and grown for approximately 8 months. Tomato plants were trans¬ 
planted from flats into the pots and grown approximately 6 weeks. All cultures 
were watered with distilled water. 

The effects of the various leaching treatments on growth of sweet orange 
seedlings are shown in table 1. There was no signiflcant variation in top growth 
between the treatments in the noncitrus soil. In this soil, however, growth was 
80 per cent greater than in the old citrus control soil. AH treatments except 
leaching with distilled water significantly increased top growth in the old citrus 
soil. The HflS 04 and KOH treatments completely eliminated the inhibiting fac¬ 
tors. Growth of seedlings in soil receiving these treatments was equal to that 
in the noncitrus soil. The effects of the treatments on sweet orange root growth 
were approximately the same as on top growth. 

Table 2 records the results of the leaching procedures on the growth of sour 
orange seedlings, AJl treatments except leaching with distilled water and alcohol 

* Roots of seedlings washed free of soil before planting. 











TABLE 1 

Effects of various leaching treatments on growth of sweet orange seedlings in old citrus and 
noncitrus Hanford sandy loam soils 



PLANT GPOWTH PEH POT 


Tops 1 

Hoots 

REACHING TKEATMENT 
AND POT* 

Old 

citrus 

soil 

Differ¬ 
ence 
due to 
treat¬ 
ment 

Non- 

citrus 

soil 

Differ¬ 
ence 
due to 
treat¬ 
ment 

Increase or 
decrease, 
noncitrus 
over old 
citrus soil 

Old 

citrus 

soil 

Differ¬ 
ence 
due to 
treat¬ 
ment 

Non¬ 

citrus 

soil 

Differ¬ 
ence 
due to 
treat¬ 
ment 

Increase or 
decrease, 
nondtrus 
over old 
citrus soil 



Av. 46 53 54 0 17 


H 2 SO 4 pretreat¬ 
ment, Ca satu¬ 
ration 

A. 50 50 

B. 56 58 

C. 55 50 


Av. 54 80 52 -4 -4 


KOH pretreat¬ 
ment, Ca satu¬ 
ration 

A. 

B. 

C. 

Av. 

NH4CI pretreat¬ 
ment, Ca satu¬ 
ration 

A. 

B. 

C. 




Av. 


44 


47 


52 


-4 


18 


15 


50 


18 1 -5 


20 
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TABLE 2 

Effect of various leaching treatments on growth of sour orange seedlings in old citrus and 
noncitrus Hanford sandy loam soils 


AVESAOB PLANT GROWTH PER POT 


LSACHIKQ TRSATBCENT* 



Tops 





Roots 


Old 

citrus 

soil 

Differ¬ 
ence 
due to 
treat¬ 
ment 

Non- 

dtros 

soil 

Differ¬ 
ence 
due to 
treat¬ 
ment 

Increase or 
; decrease, 
nondtrus 
! over old 
idtrussoil 

Old 

dtnis 

soU 

Differ¬ 
ence 
due to 
treat¬ 
ment 

Non- 

dtnis 

soU 

Differ¬ 
ence 
due to 
treat¬ 
ment 

Increase or 
decrease, 
nondtrus 
over old 
dtrus soil 



Per cent 



per cent 

gm. 

per cent 

gm. 

per cent 

percent 

None (control).... 


0 


0 

75 

12 

0 

21 


75 

Distilled water.... 


6 


3 

71 

13 

8 

19 

-9 

46 

Ethyl alcohol. 

HsS 04 pretreat¬ 
ment, calcium 

36 

12 


-18 

28 

13 

8 

17 

-19 

31 

saturation. 

EOH pretreat¬ 
ment, calcium 

42 

31 

46 

-18 

9 

19 

58 

18 

-14 

-5 

saturation. 

NHiCl pretreat¬ 
ment, calcium 

46 

44 

•46 

-18 

0 

22 

83 

21 

0 

-5 

saturation. 

39 

22 

50 

-11 

28 

14 

17 

18 

-14 

28 


* All pots received N, P, K, Mg, B, Cu, Zn, and Mn fertilizers, 
t According to an analysis of variance, a difference of 5 gm. is significant; 7 gm., highly 
significant. 


TABLE 3 

Effect of various leaching treatments on growth of tomato 'plants in old citrus and novdtrus 

Hanford sandy loam soils 


AVERAGE PLANT TOP GROWTH PER POT 


LBACHZNO TREATMENT* 

Old dtrus 
soil 

Difference 
due to 
treatment 

Nondtrus 

soil 

Difference 
due to 
treatment 

Increase or 
decrease 
nondtrus 
over old 
dtrus soil 


gm. 

per cent 

gm. 

per cent 

per cent 

None (control). 

34 

0 

31 

0 

-9 

Distilled water. 

28 

-18 

25 

-19 

-11 

Ethyl alcohol. 

25 

-26 

23 

-26 

-8 

H 2 SO 4 pretreatment calcium satu¬ 
ration. 

21 

-38 

21 

-32 

0 

KOH pretreatment, calcium satu¬ 
ration. 

24 

-29 

24 

-22 

0 

NH 4 CI pretreatment, calcium 
saturation. 

27 

-21 

26 

-26 

-3 


* All pots received N, P, K, Mg, B, Cu, Zn, and Mn fertilizers. 


significantly increased growth in the old citrus soil and all slightly decreased growth 
in the noncitrus soil. Growth was just as great, however, in the old citrus soil 
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leached with the H 2 SO 4 and the KOH as in the noncitrus soil which received 
the same treatment. 

Tomato plants (table 3) made slightly better growth in the old citrus soil 
control than in the noncitms control. All the leaching treatments reduced 
growth. 

Experiment 2 

In view of the results of the H2SO4 and KOH leaching procedures on growth 
of orange seedlings, the acid treatment was repeated on old citrus soil made even 
more unfavorable to growth of citms by previous cropping to sour orange 

TABLE 4 

Efect of various leaching treatments and soil fumigation on growth of sour orange seedlings in 
old citrus soils previously cropped to sour orange seedlings for 9 
months in the greenhouse 


SOIL AXD TREATMENT* 

AVERAGE PL\N'T GROWTH PER POT 

GROWTH R.4TIXG 
(NONCITRUS 


Roots 1 

Tops 

Total 

CO-VTROL =» 1001 

Hanford sandy loam; 

gmA 

gm.t 

gm. 

per cent 

Noncitrus (control;. 

27 

66 

93 

100 

Old citrus (control) . 

6 

12 

IS 

19 

Old citrus fumigated with CS2. 

Old citrus H2S04-pretreated and vari- 

9 

16 

25 

27 

oush’ saturated§ . 

Old citrus (same as above) fumigated 

28 ; 

65 

93 

100 

with CS2. 

i 28 i 

64 

92 

; 99 

Yolo sandy loam (noncitrus). 

31 i 

61 

92 

; 99 

Romona clav loam (noncitrus). 

30 

59 

89 

i 96 

Meloland clav loam (noncitrus). 

31 ! 

1 ’ 

63 

94 

! 101 


* All pots received N, P, K, Mg, B, Cu, Zn, and Mn fertilizers, 
t Difference of 4 gm,, significant; 5 gm., highly significant, 
t Difference of 7 gm., significant; 10 gm., highly significant. 

§ Cation saturation: 66 per cent calcium, 23 per cent magnesium, 7 per cent potassium, 
and 7 per cent hydrogen, 

seedlings in the greenhouse for 9 months. Data not reported in this paper in¬ 
dicated that complete saturation of the soil colloids with calcium was largely 
responsible for reduced growth of sour orange seedlings in noncitrus soil. For 
this reason, after acid pretreatment, a portion of the soil was saturated with 
calcium; other portions were saturated with magnesium, potassium, and hy¬ 
drogen, respectively. The soils were then combined in the follo’\^ing proportions: 
66 per cent calcium soil, 20 per cent magnesium, 7 per cent potassium, and 7 
per cent hydrogen soil. For comparison, both treated and untreated old citms 
soils were fumigated A\dth 12 ml. CSo per pot, and three additional noncitms 
soils were used. Tomato plants also were grown in the old citrus and noncitms 
control soils. All treatments Avere replicated five times, and two seedlings were 
planted in each pot. 
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Results are presented in table 4 and in figures 1 and 2. The seedlings in the 
noncitras control soil made more than five times the gro^vth of those in the old 








mm 


Fig. 1. Effect of Leaching Soil with 2 Per Cent H 2SO4 on Growth of Sour 

Orange Seedlings 

A, Old citrus soil obtained from a citrus grove near Fullerton, California, and cropped 
to sour orange seedlings in the greenhouse for 9 months before planting; B, same soil leached 
with 2 per cent H2SO4, the leaching followed by saturation of the soil colloids with 66 per 
cent Ca, 20 per cent Mg, 7 per cent K, and 7 per cent H; C, same soil treated as in B and 
also fumigated with 12 ml. CS 2 per pot; D, noncitrus soil obtained from a garden plot ad- 
acent to old citrus orchard. 


Fig. 2. Sour Orange Seedlings (Left) and Tomato Plants (Right) Growing in 
(A) Soil Obtained from an Old Citrus Orchard and Cropped to Sour Orange Seed¬ 
lings for 9 Months in the Greenhouse before Planting, and in (B) Soil Obtained 
from an Adjacent Garden Plot Never Before Planted to Citrus 

citrus control. Fumigation of the old soil increased growth by approximately 
one third. According to statistical analysis of the entire experiment, this increase 
was not significant, but on the basis of the results from the control and fumiga- 
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tion pots alone, the increase was significant. The acid-leaching process, in addi¬ 
tion to the combining of various calcium, magnesium, potassium, and hydrogen 
fractions to make the soil 66 per cent calcium-saturated, 20 per cent magnesium- 
saturated, 7 per cent potassium-saturated and 7 per cent hydrogen-saturated 
(see table 4), however, completely overcame the growth-retarding factors in the 
old soil. Fumigation of the leached soil had no effect on growth of seedlings. The 
total weights of seedlings in the three additional noncitrus soils were approxi¬ 
mately the same as in the noncitrus control soil. 

TABLE 5 


Effect of varioue leaching treatmente on growth of sweet orange seedlings in sand preoumsly 
cropped to sour or sweet orange seedlings for 18 months 


cczmz* 

DAY vzioar 

OT 5 PIAKTS 

OlOWTB XAXIMO 
(nxsHSA2n> 
ooMnoL 100} 


gm. 

per cent 

Fresh sand control ( no prior cropping or treatment). 

Fresh sand, watered weekly with 600 ml. of leachings from 

36 

100 

old sour orange cultures. 

24 

66 

Sand previous cropped to sour orange seedlings. 

Sand previously cropped to sour orange seedlings, then 
leached with approximately 25 gallons distilled water 

-t 

-t 

per 3-gallon pot. 

Sand previously cropped to sour orange seedlings, then 
leached with 5 gallons 2 per cent HsS04, followed by 

12 

33 

25 gallons distilled water per 3-gallon pot. 

Fresh sand watered weekly with 500 ml. of leachings 

34 

94 

from old sweet-orange cultures. 

25 

69 

Sand previously cropped to sweet orange seedlings. 

Sand previously cropped to sweet orange seedlmgs, then 
leached with approximately 25 gallons of distilled water 

16 

44 

per 3-gallon pot. 

Sand previously cropped to sweet orange seedlings, then 
leached with 5 gallons of 2 per cent HjSOi, followed by 

29 

80 

25 gallons of distilled water per 3-gallon pot. 

41 

111 


♦ All cultures watered with 500 ml. of nutrient solution once each week, 
t All plants died. 


Tomato plants (fig. 2) grew just as well in the old citrus control soil as in the 
noncitrus control soil. The average dry weight of the tops per pot was 141 gm. 
and 143 gm. in the old citrus and noncitrus soils, respectively. 

Experiment S 

For this study, something similar to a synthetic old citrus soil was made by 
cropping medium quartz sand in 3-gallon pots to sour or sweet orange seedlings 
for 18 months. Approximately once a month during the initial cropping period 
each pot of sand was given an application of nutrient solution contaimng both 
major and minor elements. 
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Two months prior to use, the cultures were leached with approximately 2 to 
3 gallons of distilled water per pot and then given a small application of cal¬ 
cium nitrate. The orange seedlings (tops and roots) were then removed, and part 
of the sand from the original 3-gallon containers was leached, as indicated in 
table 5. The leached and unleached sand from the original containers, and fresh 
sand, for comparative purposes, were placed in 1-gallon pots. Each treatment 
was replicated five times, and only one seedling was planted in each pot. Details 
of the treatments and their effects on growth of sweet orange seedlings are shown 
in table 5. 

Cropping of sand to sour or sweet orange seedlings for 18 months greatly re¬ 
tarded the growth of a second planting of sweet orange seedlings. Weekly water¬ 
ing of fresh sand cultures of sweet orange seedlings with leachings from old sand 
cultures reduced growth by approximately a third. Leaching of previously 
cropped sand with distilled water increased growth of seedlings; leaching with 
H2SO4, followed by distilled water, produced growth comparable to that ob¬ 
tained in the fresh sand. The roots of the seedlings in these two treatments ap¬ 
peared healthy; those in the other treatments showed evidence of decay of some 
of the feeder roots. Previous cropping of sand to sour orange seedlings had a 
greater retarding effect on subsequent growth of sweet orange seedlings than did 
previous cropping to sweet orange seedlings. 

DISCUSSION 

Leaching of old citrus soil with rather large amounts of distilled water, before 
planting, did not significantly improve growth of sour or sweet orange seedlings. 
Similar leaching of sand previously cropped to citrus improved growth of orange 
seedlings slightly. Leaching of soil with alcohol or with a N solution of NH4CI, 
followed by saturation of the soil colloids with calcium, increased growth of orange 
seedlings in old citrus soil but did not restore the soil to its original productive 
state. Pretreatment with 2 per cent H^04 or 2 per cent KOH, followed by 
saturation with calcium, completely overcame the retarding effect of old citrus 
soil on growth of citrus seedlings. 

The main theories advanced to explain the retarding effect of old citrus soils 
on the growth of replants are: (a) nutritional deficiency, (b) nutrient unbalance 
or excess, (c) deterioration of soil structure, (d) unfa/oorable microbial population 
of soil, and (e) accumidation of a toxic substance. 

In the present studies all soil cultures were fertilized with both major and 
minor nutrients. In previous studies orange seedlings in old citrus soils did not 
respond to additions of any nutrients except nitrogen. Other plants such as 
tomatoes grow well in old citrus soils* If some element not included in those 
added were lacking in the soil, the drastic leaching procedures with various 
chemicals including relatively strong acid and base, followed by distilled water, 
would probably further deplete the supply of such a nutrient. In light of the 
previous experiments and the stimulating effect of the present treatments, it 
appears very unlikely that a nutritional deficiency is responsible for the reduced 
growth of citrus. 
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If the reduced growth of citrus in old citrus soils were caused by an unbal¬ 
anced nutritional condition or by an excess of some inorganic material in the 
soil, leaching with distilled water or salt solution might, to some degree at least, 
alleviate the condition. Although pretreatment with a mm onium chloride, fol¬ 
lowed by saturation of the soil colloids with calcium, improved growth, it did 
not return it to the status of that in soil never before cropped to citrus. In the 
greenhouse a noncitrus soil was made very unfavorable to the growth of citrus 
seedlings by cropping it to orange seedlings for 18 months. Only a small amount 
of a mm onium nitrate was added to the soil. The pots were watered with dis¬ 
tilled water. It is improbable that an excess of some element would build up in 
the soil under these conditions. Furthermore, other plants such as tomatoes 
grow well in old citrus soils. The evidence therefore does not support the theory 
of nutritional imbalance as a primaiy factor- 

The depressing effect of old citrus soils on growth of replants occurs in very 
sandy soils as well as in medium and heavy-textured soils. Cultural practices 
which tend to cause deterioration of soil structure in citrus groves are also opera¬ 
tive in noncitrus agriculture; yet soil from avocado or walnut groves will sup¬ 
port the growth of vigorous citrus trees. This, together with the fact that the 
depressive effect is manifest even after the soil is removed from the field and 
handled in such a manner as to alter its structural condition, suggests that 
structural deterioration is not a primary factor. 

Previous studies have indicated that detrimental microorganisms are at least 
partly responsible for reduced growth of citrus in old citrus soils.® Nematodes 
and fungi are found in decaying citrus feeder roots. Heavy fumigation of old 
citrus soil destroys the nematodes, reduces or eliminates root decay, greatly 
alters the microbial population of the soil, and usually increases growth of citrus 
seedlings slightly to moderately. The acid- and base-leaching treatments in this 
study exerted an effect on the microbial population of the soil similar to that of 
a heavy soil fumigation treatment: the nematodes were killed and the fungi 
were initially destroyed, although later a population of fungi developed which 
consisted of fewer species, and in many pots different species, than were present 
in the original soil. But whereas the fumigation treatments did not restore growiih 
of citrus seedlings in old citrus soils to the status of that in noncitrus soils, the 
acid- and base-leaching treatments did. 

It is possible that fumigation treatments may exert certain side effects that 
are detrimental to citrus growth. It is known, for example, that soil fumigation 
increases the concentration of a number of trace elements in the soil solution. 
In numerous fumigation studies, however, noncitrus soils obtained from areas 
adjacent to the old citrus orchards from which soils were obtained, were fumi¬ 
gated in exactly the same manner as the old citrus soils. Fumigation of these 
soils in some cases slightly decreased and in others slightly increased growth of 
seedlings; in still others it had no effect. In all instances growth was much better 

® Martin, J. P. Fungus flora of some California soils in relation to slow decline of citrus 
trees. Soil Sd, Soc. Amer. Proc, (1947) 12:209-214.1948. Thomas, E. E. The citrus nematode, 
Tylenchulus semipenitrans, Calif. Agr. Exp. Sta. Tech. Paper 2:1-34. 1923. 
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in the fumigated noncitrus soils than in the fumigated old citrus soils. These 
results cast doubt on the possibility that the fumigation treatments exerted any 
very great depressive influence. It seems to the author, therefore, that the most 
reasonable explanation of the results obtained is that, in addition to detrimental 
organisms, there is an organic toxic material present in the soil. Such a hypo¬ 
thetical toxic substance could be built up slowly in the soil by excretion from 
the citrus roots, or it could be produced by microorganisms growing on root 
surfaces or on dead root material. 

If an organic toxic material is one of the factors causing poor growth of citrus 
in old citrus soils, it is apparently specific for citrus, is not readily leached out 
of soil by water, is not a replaceable cation, is not completely removed from the 
soil by ethyl alcohol, but is either soluble in, or destroyed by, suflSciently strong 
acid or base solutions, and is resistant to attack or is only slowly broken down 
by microorganism. More work wiU be required to confirm or disprove this hy¬ 
pothesis, but it seems to agree better than any other with the experimental 
results obtained. 

Results with citrus seedlings in sand cultures were similar to those of Mader® 
in his work with chrysanthemums and roses in sand media. 

SUMMARY 

On the assumption that a toxic substance is partly responsible for reduced 
growth of citrus trees in soils previously cropped to the same plant for long 
penods, experiments were conducted to determine whether soil leaching with 
various materials would overcome this growth-retarding effect. 

Leaching with rather large amounts of distilled water before planting did not 
significantly improve growth of sour or sweet orange seedlings in old citrus soils. 
Similar leaching of sand previously cropped to citrus seedlings improved growth 
of orange seedlings slightly. Fumigation and leaching of old citrus soil with ethyl 
alcohol and a N solution of ammonium chloride at pH 4, followed by saturation 
of the soil colloids with calcium, increased growth but ^d not return it to the 
status of that in noncitrus soil. Leaching with 2 per cent H2SO4 or with 2 per 
cent KOH, followed by saturation of the soil colloids with calcium or a com¬ 
bination of calcium, magnesium, potassium, and hydrogen, completely overcame 
the growth-retarding factors in old citrus soil. Similar results were obtained with 
sand cultures. 

Results support the hypothesis that, in addition to detrimental organisms, a 
toxic matenaJ gradually accumulates in soil which is continuously cropped to 
citrus for long periods. This hypothetical material is toxic to citrus but not to 
other plants such as tomatoes and avocados; it is either insoluble in water or is 
absorbed by the soil and held against leaching with distilled water; it is appar¬ 
ently not absorbed as a replaceable base; and it is apparently destroyed .by, or is 
soluble in, relatively strong acid or base solutions. 

^Mader, E. 0. A corrective measure for ‘'soil sickness” occurring in sand media. Phyto- 
paik, 37 : 682-683. 1947. 
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Weed killers not only should control the weed population but they also should 
indirectly tend to have a beneficial effect on the structure of soils. Since the soils 
will not have to be cultivated, or at least not cultivated so frequently, less or¬ 
ganic matter should be lost by oxidation. Thus soil structure should be improved 
and crop yidds increased. Should one or two applications of weed killers be ade¬ 
quate for the control of weeds, the number of times heavy machinery is run over 
the ground will be materially reduced. It is believed that these two factors, 
among others, will tend to improve or at least maintain a status quo of soil struc¬ 
ture. 

Observations suggest that structure has more influence on the productivity 
of the soil than formerly was believed. Some work on the effect of cultivation 
on soil physical properties has been reported (5, 10). 

Anderson et al. (1)^ reported no decrease in field com yields where weeds were 
controlled by 2,4-D without cultivation. Dearborn® has presented evidence that 
sweet com yields are greater where applications of 2,4-D and cultivation are 
combined in controlling weeds. 

The purpose of this experiment was to study the indirect effect of synthetic 
weed killers on soil physical properties and the effect this may have on crop 
yield in comparison with the usual cultivation methods. This paper is a report 
of the first year’s results. 


aiATERIALS AND METHODS 

Two randomized experiments were set up on Cheshire loam at the station’s 
Mount Carmel Farm to test the effect of weed killers on soil stmcture. Plots 
12 by 24 feet (0.165 A.) were used. A hybrid fidd com (Connecticut 520) and 
Chantenay red cored carrots were the crops used. The com rows were spaced 
36 inches apart, and the carrots, 18 inches. 

On half the plots, an 8-16-8 fertilizer was applied at a rate of 1,200 pounds 
per acre. On the other half, 8-16-8 fertilizer was applied at the rate of 600 pounds 

1 Contribution from the department of soils, Connecticut Agricultural Experiment 
Station, New Haven, Conn. Part of this material was presented at the Soil Science Society 
of America meetings, Milwaukee, Wis., October 24-28, 1949. Grateful acknowledgment is 
made to D. B. Downs for assistance in the field and laboratory work and to C. I. Bliss for 
advice on statistical anal 3 rsis. 

® Wolf, D. E., Anderson, J. C., and Garrison, C. S. Three years’ results on pre-emergence 
in com with 2,4-D. Proc, N.E. StatesWeedControlConf, 1949:161-154.1949. (Mimeographed.) 

® Dearborn, C. H. Productivity of cultivated and uncultivated Golden Cross Bantom 
sweet corn weeded with post-emergence sprays of 2,4-D. Proc, N. E. States Weed Control 
Conf, 1949 : 69-72. 1949. (Mimeographed.) 


443 



444 


C. L. W. SWANSON AND H. G. M. JACOBSON 


and barnyard manure at 20 tons per acre. The manure was applied to determine 
the effect of added organic matter on soil physical properties. Each treatment 
was replicated five times. The following experiment was laid out: 1. Pre-emer¬ 
gence control of weeds in com with 2,4-D; 2. Control of weeds in com with 
flame cultivation; 3. Control of weeds in carrots with an oil spray; 4. Control of 
weeds in com and carrots by ordinary cultivation methods. 

Com and carrots were planted May 26, and excellent stands were obtained. 
The com emerged on the sixth day. 

For treatment 1, the sodium salt of 2,4-D was applied at pounds per 
acre as a spray 5 days after planting and again 45 days later. These plots were 
not cultivated at any time. 

For treatment 2, weeds were flamed with a small hand apparatus 6 days after 
the com was planted, 26 days later, and again 50 days after the first flaming. 
These plots were cultivated once immediately after the last flaming. 

For treatment 3, the plots were sprayed, when the carrots were about li 
inches high, at the rate of 75 to 80 gallons of oil (Varsol) per acre. These plots 
received no cultivation, nor were any weeds pulled by hand. 

The plots of treatment 4 were cultivated three times: the com, 21, 34, and 50 
days ^ter planting; and the carrots 21, 34, and 56 days after planting. The 
com plots also were hoed four times. The carrot plots were hand-weeded soon 
after each cultivation. 

A Fordson tractor equipped with two-row cultivation equipment was used 
for cultivating the carrots; for com, a John Deere Model B tractor equipped 
with a two-row cultivator was used. At no time were cultural operations carried 
on when the soils were wet. 

To observe the effect of cultivation and of packing of the soil by the tractor, 
undisturbed soil samples at depths of 0-2, 4-6, 6-8, and 12-14 inches were 
taken. In addition, samples for comparison were taken in an experimental orchard 
adjacent to the plots. The samples were taken about 5 feet from the trunk of a 
tree to insure that the area sampled had not been mn over by a spray rig. The 
orchard had been in bluegrass sod for 12 years. Samples were also taken in the 
alleys between plot blocks. These alleys were used for tum-around areas for the 
tractor during cultivation. The samples were taken with an apparatus similar 
to that described by Lutz (8). The sampling cylinders were 2^^ inches high 
and 2| inches in diameter, having a volume of 250 ml. For convenience, the 
height of the cylinders will be referred to as 2 inches. 

In the cultivated plots one sampling was made in the area traveled over by 
the rear tractor wheel, and another sample was taken in the untraveled areas 
between hills in the row. The experiment was planned so that the rear tractor 
wheel ran between the same rows each cultivation. For a two-row cultivator, 
the rear tractor wheel goes between the same rows twice when four rows are 
cultivated. Since the plots were cultivated three times, this means that the rear 
tractor wheel passed over the same ground six times. In the 2,4-D and oil-spray 
plots, equivalent areas were sampled. 

Measurements of volume weight (2) and pore-space relationships (total, 
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macroporosity, and microporosity^) were made on the core samples. Field-mois¬ 
ture percentages of the soil cores were calculated in the usual manner (tables 2 
and 4). Percentage saturation of pore space was determined by a modification 
of the Learner and Shaw technique (7) similar to that described by McHenry 
and Newell (9). Large circular porous ceramic plates^ were used in place of the 
Learner and Shaw type of tension table. The core samples were placed in firm 
contact on the ceramic plates and saturated bj^ capillarity for 20 hours, and 
placed under 40 cm. tension of water for 18 hours. 

WEATHER CONDITIONS 

During May, almost ririce as much rain as the average fell; and April and 
June rains were above the 1932-1947 average (table 1). An unusual number of 
the rains were of high intensity. 


TABLE 1 

Weathei' data for growing aeasoUj Mt. Carmel Farnij Connecticut Agricultural 

Experiment Station 

JVKE 


Rainfall, inches* 


1948. 

5.68 

7.19 

4.49 

2.85 

3.25 

0.51 

2.46 

1932-1947 Average. 

4.04 

3.93 

4.31 

1 

3.24 

4.04 

4.83 

3.23 

Mean maximum temperature, "F.f 

1948. 

55.0 1 

63.5 1 

73.6 

81.0 

80.8 

75.8 

63.2 

1873-1947 Average .. 

55.6 

67.2 

75.8 

80.7 

78.8 

72.8 

62.4 


*Data courtesy B. W. McFarland, Connecticut Agricultural Experiment Station, 
t Data courtesy Weather Bureau, U. S. Dept, of Commerce, New Haven, Conn. 


In contrast, not only was total precipitation for July and August below nor¬ 
mal, but 42 per cent of the rain for July and 78 per cent for August fell in one 
rain in each of those months. The September rainfall was less than 11 per cent 
of the pre\dous 16-year average. In addition, July, August, and September were 
unusually hot (table 1); the mean maximum monthly temperature averaged 0.3, 
2.0, and 3.0°F. above the 1873-1947 average. 

RESULTS 

Corn 

Growth, Unusual weather during the growing season gave unexpected results. 
Consequently, yields for com were low. The heavy rains that fell packed the 

^ In this paper, the terms “micropores” and “macropores” are used for capillary and 
noncapillary pores, respectively. 

5 Porous ceramic plates, No. K939, 12-inch diameter, were obtained from the General 
Ceramic and Steatite Corporation, Keasbey, New Jersey. 
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Fig. 1. Appeabance of Plots on July 2,1948, Showing Soil-Ceusting on 2,4-D Uncul¬ 
tivated Plots at Right. The Corn is Lighter Green, Smaller, and 
Less Vigorous Than That on the Cultivated Plots at the Left 


Both plots received the same mineral fertilizer treatment. 



Fig. 2. Cultivated (Left) and 2,4-D-Treated (Right) Corn Plots, August 

29, 19-48 

Note the darker green color, thicker stalks, greater height, and more luxuriant foliage 
of the corn in the cultivated plot. The cultivated plot is virtually weed-free as against 
foxtail and crabgrass in the 2,4-D plot. Both plots received mineral and organic (barn¬ 
yard manure) fertilizers. 
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ground and, combined with the hot diy weather that followed, formed a hard 
crust on the soil surface. The result was indirect injury in the 2,4-D plots. Evi¬ 
dently this crust did not allow free circulation of air into the soil, setting up 
reducing conditions, and resulted in a decrease in the production of nitrates by 
soil organisms. 

In the 2,4-D and flame-cultivated plots, growth of blue-green algae was ob¬ 
served on the soil surface for more than a month after planting. This is further 
evidence that the soil surface was kept wet and poorly aerated, which was prob¬ 
ably due to the soil crust and high rainfall. 

At first, growth of all the com was about the same and all of it had a good 
green color. Differences started to show up after the com was more than a foot 
tall (fig. 1). Height measurements of the com 50 days after planting gives an 
index its growth. The 2,4-D-treated com averaged about 3i inches shorter than 
the cultivated com, and the flame-cultivated com was about 7 inches shorter. 
Evidently both the initial noncultivation and the injury by flaming exerted re¬ 
tarding growth effects on the flame-cultivated com. 

No data were obtained on soil nitrate production, but the 2,4-D-treated com 
showed definite nitrogen-deficiency S 3 miptoms (3, 6) in contrast to the dark 
green color of the cultivated com. This nitrogen deficiency showed up early while 
the 2,4-D plots were free of weeds. The flame-cultivated com was also lighter 
green than the cultivated com but the difference was not nearly so pronounced 
as in the 2,4-D-treated plots. Figure 1 also shows the cmst-like dense surface 
of the noncultivated (2,4-D plots) com in comparison with the loose, well- 
aerated condition of the cultivated com. 

During the dry weather that followed the exceptionally wet spring, the culti¬ 
vated com stood the drought best. It remained green longer and showed less 
evidence of ‘‘firing’’ of the lower leaves and nitrogen deficiency than the others. 
The flamed com withstood the drought better than the 2,4-D-treated com. 

Table 2 shows that the cultivated plots had the least soil moisture at the 
time of sampling, followed in order by the flame-cultivated and the 2,4-D-treated 
plots. This holds true especially for the 0--2-inch depth and even when compari¬ 
sons are made between the areas run over by the rear tractor wheel. Averaging 
the data for the 0-2-, 4-6-, and 6-8-depths brings out these same relationships, 
but they are less pronounced when the 12-14-inch depth is included. The high 
amount of moisture in the surface 2 inches of sod is interesting in comparison 
with the other plots. 

The impossibility of taking all core samples the same day adds to the varia¬ 
bility of the results, especially for the surface 2 inches. Since the plots were 
randomized, the samplings of the various treatments were distributed over the 
sampling period. Also, sampling was done in late October and early November 
when changes in soil moisture are less rapid than during the summer months. 

The soil moisture differences were in reverse order of yields for the plots. The 
cultivated plots 3 delded 61.6 bushels per acre with organic and mineral fertilizers 
and 63.9 bushels with mineral fertilizer; the corresponding yields were 52.7 and 
65 for the flame-cultivated plots, and 15.2 and 29.8 for the 2,4-D-treated plots. 
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In late August, the cultivated com was much better in all respects than either 
the 2,4-D-treated (fig. 2) or the flame-cultivated. Besides being darker green, 
the stalks were thicker and the ears larger and more numerous than on the other 
plots. The average increase of 40 bushels of com per acre obtained on plots 
cultivated for the control of weeds as compared with those treated with 2,4-D is 
at variance with results of other investigators (1)®. A decrease of about 9 bushels 
per acre for the flamed com in comparison with cultivated com was obtained. 
It was noticed that after the flamed com was cultivated, it became darker green. 

TABLE 2 


Field^mmature percentages of soils cropped to com* and treated with cultivated^ or 

flame-cultivated for control of weeds; of soil in adjacent areosf hluegrass 
sod; and of soil in tractor tum-around areas 



2,4-D 


CULTIVATED 




LA- 

UCTSS 

DSPtE 

Oiganic 

Mitral 

Ferti¬ 

lizer 

Mineral 

Ferti¬ 

lizer 

Or^c + 
Mineial 
Fertilizer 

Mineral 

Fertilizer 

Orsanic + 
Mineral 
Fertilizer 

Mineral 

Fertilizer 

Mineral 

Fertilizer 


PlotC 

Plot A 

Plots 

PlotB 

PlotF 

PlotD 

Samples 

takra 

opposite 

E,udF 


Kow 

2-3 


Row 2 

Row 

2-3 

(W)f 

Row 2 

Row 

2-3 

(W)1[ 

Row 2 


Row 2 

Row 

2-3 

mu 

inches 

0-2 

17.6 

17.0 

16.2 

15.8 

13.7 

14.8 

17.4 

16.7 

16.3 

15.6 

23.0 

16.6 

4-6 


17.2 

16.9 

15.6 

14.8 

17.4 

16.3 

16.2 


15.8 

14.5 

iTlCl 

6-8 

16.3 

15.3 

15.7 

14,2 

14.5 

14.9 

15.1 

16.4 

15.2 

15.1 

13.5 

17.3 

12-14 

18.7 

18.2 

17.5 

18.6 

19.3 


17.9 

18.8 

19.7 

19.8 

11.8 

|Z3 

Average.... 

17.2 

16.9 

16.6 

16.1 

15.6 

16.3 

16.7 


17.1 

16.6 

15.7 

17.4 


* Average of five soil-core samples per treatment: 0-2-, 4r-6-, 6-8-inch depths sampled 
October 27-29; 12-14-inch depths sampled November 12 and 15, 1948. 

10-2-, 4-6-, 6-8-inch depths sampled October 27-29; 12-14-inch depth sampled No¬ 
vember 9 and 15,1948. 

t Area in orchard adjacent to com plots. Average of six samples. 

§ Between corn plots, used for turn-around areas for tractor. Average of five samples. 

% Tractor-wheel area. 

This fact, together with the yield in comparison with that from the cultivated 
plots, indicates the importance of loosening hardened surface soil. 

Soil structure. Eigures 3 and 4 show that the various methods of weed control 
produced indirect effects on the porosity of the soil. The greatest differences 
were in the surface 2 inches. Comparison of the 0-2- and 4^-inch depths also 
dhows large differences. 

The effect of cropping land for a number of years and of traveling over an 
area repeatedly by a tractor for one crop season is brought out strikingly by a 
comparison of the porosity and volume weights for the 0-2-inch depth in the 
alley and bluegrass sod areas: the bluegrass sod had 68 per cent higher macro- 


































WEED KILLERS AND SOIL STRUCTURE 


449 


porosity, 29 per cent higher total porosity, and 25 per cent less volume weight. 
Comparative values for the mineral fertilized nontraveled cultivated areas were 
36, 9, and 7 per cent, respectively. Thus the porosity and volume-weight values 
for the cultivated plots were intermediate between the alley and sod values. 



Fig. 3. Effects op Soil Treatments on Porositt and Volume Weights of 0-2- and 

4r6-lNCH Depths 

Plots in continuous sod for 12 years compared with corn plots receiving 2,4-D only, 
flaming plus one cultivation, and cultivation treatments for control of weeds. The corn 
plots received mineral fertilizers only or mineral and organic (barnyard manure) fertilizers. 
Soil-core samples were taken in the sod, in areas traveled over by the rear tractor wheel 
(TW), in untraveled areas between hills of corn, and in a tum-around (noncultivated) 
area (alley) for the tractor at the ends of the plot. 

This brings out the effect of cultivation in loosening the soil, provided no tractor 
wheel passes over the ground. 

Comparisons for the three treatments between the 0-2- and 4-6-inch depths 
show the effect of bluegrass in maintaining a high porosity in the surface 2 inches 
of soil. Percentage decreases in macroporosity from the 0-2- to the 4-6 inch 
depths for the bluegrass sod, cultivated, and alley areas were 47, 15, and 3 per 
cent; for total porosity 28, 7, and 0; and for volume weight 25, 7, and 0 per cent, 
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respectively. Differences in porosity and volume weight among the various treat¬ 
ments at the 4-6-inch and subsequent RaTYipliug depths were much less. These 
smaller differences suggest the importance of maintaining the surface in good 
tilth. 

Soil physical differences (surface 2 inches) between areas traveled over by the 
rear tractor wheel and nontraveled areas between the rows (fig. 3) show that 
tractor weight and vibration effect compact the soil, even when a cultivator 
shovel follows the rear wheel. Porosity and volume-weight values for the alley 
and tractor-wheel areas were of the same magnitude. 



. DEPTH - 

Fig. 4. Effecjt of Soil Treatments on Porosity and Volume Weights op 6-8- 
AND 12-14-lNcaa Depths op Plots in Figure 3 

Figures 3 and 4 show that, in nearly every case, where there was an increase 
in volume weight, there was a corresponding decrease in macropores and total 
porosity and an increase in micropores. 

For comparison, the 2,4-D mineral-fertilized plot (fig. 3) can be used as a 
standard. In this treatment, the soil was not disturbed after seedbed prepara¬ 
tion. Apparently in the imtraveled areas between the rows, for the surface 2 
inches, cultivation increased total and macroporosity and decreased the micro¬ 
pores and volume weight. In the tractor-wheel areas, total and macroporosity 
decreased while the micropores and volume weight increased. This compaction 
pattern was not carried down to other depths to any great extent. 
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Comparison of the surface 2 inches of soil in the flamed com plots and in the 
cultivated plots shows higher total porosity in the flamed plots, little difference 
in macropores and volume weight in the tractor wheel areas, and higher macro- 
porosity and lower volume weight in the untraveled areas. This suggests that 
increased traveling over an area by a tractor decreases the total and macroporosity 
and increases the volume weight and microporosity in the surface soil. 

An analysis of variance (11) for all depths in the com plots showed that 
statistically the decrease in macropores in the area traveled by the rear tractor 
wheel in comparison with the nontraveled area (figs. 3 and 4) was significant at 

TABLES 


Field-moisture percentages of soils cropped to carrots* and treated with oil spray or cultivated 
for control of weeds, of soil in adjacent areas\ in bluegrass sod, 
and of soil in tractor turn-around alleys 



1 

on. SPEAY 

CULTIVATED 

SODf 

ALIJCYS§ 

DEPTH 

Organic 

Mineral 

Fertilizer 

Mineral 

Fertilizer 

Organic -f- Mineral 
Fertilizer 

Mineral Fertilizer 

Mineral Fertilizer 



Plots 

PlotC 

Plot A 

Samples taken 
opposite plots 

A, B, C, and D 


4-5 

4-5 

3-4 

4-5 

(wn 


4-5 

(w)ir 

inches i 









0-2 

15.3 

15.7 

15.4 

14.4 

14.9 

14.9 

15.9 

13.8 

4rQ 

14.9 

13.9 

14.7 

12.9 

14.9 

14.5 

11.6 

14.9 

6-8 

14.3 

13.9 

16.9 

13.5 

15.3 

14.4 

12.7 

14.6 

12-14 

14.9 

14.0 

16.0 

15.0 

16.4 

17.7 

12.6 

16.7 

Average. 

14.8 

14.4 

15.8 

13.9 

15.4 

15.4 

13.2 

15.0 



* Average of five soil-core samples per treatment: 0-2-, 4-6-, 6-8-inch depths sampled 
October 18-20; 12-14-inch depths sampled November 9 and 12, 1948. 

t Average of five soil-core samples: 0-2-, 4rS-, 6-8-inch depths sampled October 21; 
12-14-inch depth sampled November 12, 19^. 

t Area in orchard adjacent to carrot plots. Average of five samples. 

§ Between carrot plots, used for turn-around areas for tractor. Average of five samples. 
TI Tractor-wheel area. 

the 5 per cent level (4). When only the data for the 0-2-inch depth were compared 
statistically, the effect of compacting soil by going over it with a tractor in com¬ 
parison to no tractor was highly significant at the 0.1 per cent level for the 
macropores, total porosity, and volume weight, and significant at the 0.5 per 
cent level for micropores. 

There were no statistically significant soil physical differences between plots 
treated with mineral fertilizer and plots treated with organic plus mineral ferti¬ 
lizer. Since this experiment has been in effect only for 1 year, it was not expected 
that large differences of this kind would be evident. After a period of years, the 
manure-treated plots can be expected to have the better stmcture. Figure 3 
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(TW) (TVO 

H -0-2* DEPTH- »l H-4-6* DEPTH - M 

Fig. 5. Effects of Soil Treatments on Porosity and Volume Weights of 0-2- 

AND 4-6-Inch Depths 

Plots in continuous sod for 12 years compared with carrot plots receiving oil spray only 
and cultivation treatments for control of weeds. The carrot plots received mineral fer¬ 
tilizers only or mineral and organic (barnyard manure) fertilizers. Soil-core samples were 
taken in the sod, in areas traveled over by the rear tractor wheel (TW), in untraveled areas 
in the row, and in a turn-around (noncultivated) area (alley) for the tractor at the end of 
the plot. 

does show, however, that addition of barnyard manure improved soil structure 
in the surface 2 inches in comparison to the plots to which none was added. 

Carrots 

Growth. The adverse weather conditions did not seem to affect the carrots so 
much as the com. In the early part of the season, the cultivated carrots were 
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more vigorous and somewhat larger in size than the uncultivated. By September, 
however, there was no noticeable difference in size and growth. 

The differences in soil-moisture content (table 3) between treatments was not 
so great for carrots as for com. The slightly higher moisture content in the sur- 



-6-8* OtPTH- H H - 12-14-OCPTH- 

Fig. 6. Effect of Soil Treatments on Porosity and Volume Weights of 
e-8- AND 12*14-Inch Depths of Plots in Figure 5 

face 2 inches of the noncultivated oil-spray plots was probably not large enough 
to make any appreciable differences in yield of carrots. 

Packing of the ground by heavy rains did not seem to affect the yidd of carrots 
so much as of com. Vidds were higher for plots heated with mineral fertilizer 
(927 bushels per acre under oil-spray and 996 bushds under cultivation) than 
for plots treated with barnyard manure and mineral fertilizer (849 bushds per 
acre under oil spray and 921 bushels under cultivation). 
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Soil stnicture. Figures 5 and 6 show that the treatments of carrot plots pro¬ 
duced smaller soil physical differences than did the treatments of com plots. 
The packing of the tractor wheel in the 0-2-inch depth decreased macroporosity 
and total porosity and increased microporosity and volume weight (fig. 5). 

When all four sampling depths were considered statistically by the analyses 
of variance method, none of the physical soil data were found to be significant. 
When statistical comparisons were made on the effect of tractor wheels versus 
no-tractor wheels for only the 0-2-ineh depth, however, the differences were 
found to be highly significant at the 1 per cent level for the macropores and signi¬ 
ficant at the 5 per cent level for volume weight, microporosity, and total porosity. 

In the case of the effect of tractor wheels on organic versus mineral sources of 
fertilizer, the differences just missed being significant at the 5 per cent level for 
the macropores and volume weight. 

DISCUSSION AND CONCLUSIONS 

One year’s results cannot be expected to diow conclusively the effects of cul¬ 
tivation versus noncultivation on soil physical properties. The data indicate that 
cultivation is beneficial imder certain conditions, such as abnormally high rainfall 
coupled with hard downpours of rain. These hard rains pack the soil, forming a 
crust on the ground surface. Breaking up this crust aerates the soil, providing 
oxygen for soil organisms so that nitrates can be produced for the plants. The 
fact that this kind of condition exists is shown by a comparison of the com plants 
in figures 1 and 2. 

For the soil studied, the greatest quantity of macropores was found in the 0-2- 
ineh depth. If the quantity of these macropores is decreased, as in the tractor- 
wheel area, there is less opportunity for air and rainfall to enter the soil. Over a 
period of years, it is conceivable that the weight and vibrating effect of tractors 
decrease the macroporosity of soils. This would be especially tme where tractors 
are run over the ground many times each crop season. For some soils this would 
mean less infiltration capacity and more mnoff, producing more erosion. The 
increased use of tractors and heavy machinery in the last 25 years or so may be 
another cause of accelerated soil erosion. 

Although quantitative data were not obtained for nitrate production for the 
various treatments of the com plots, qualitative observations (figs. 1 and 2) 
stron^y suggest that tight, crasted soil surfaces limit entry of air into the soil 
and reduce nitrate production. An average yield increase of 40 bushels of com 
per acre when the surface crust was broken, as in the cultivated plots, in com¬ 
parison with the 2,4-D plots, which were not disturbed after planting, also 
strongly su^ests the importance of breaking the crust. The 9-bushel average 
decrease in 3 deld per acre for the flamed com, in which the soil crast was broken 
by a single cultivation, in comparison with cultivated com indicates the impor¬ 
tance of loosening hardened surface soil. Statistical calculations also bear out the 
importance of the surface layer in relation to plant growth. 

Since moisture in the soil is depleted both by com and by weeds, it would be 
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expected that the 2,4-D plots (fig 2) would be lowest in moisture. This was not 
true (table 2). More moisture evidently was taken from the cultivated plots 
(weed-free) by the vigorously growing com plants than from the flame or 2,4-D 
plots (weeds present). Cultivation may slso have reduced the soil moisture con¬ 
tent. 

Although only one moisture sampling was made, it is believed that additional 
samplings would have fallen in the same pattern. Rainfall and temperature data 
in table 1 show that droughty conditions existed during September and October. 
Little rainfall was lost by mnoff, and since the plots were randomized, runoff 
differences due to treatments and plot location on the 3 to 5 per cent slope would 
be minimized as well as averaged for the various treatments. 

Under the conditions of this experiment, soil moisture apparently was not the 
only factor limiting growth of com plants. Other factors such as tilth appear to 
be just as important. Cultivation improved soil tilth as measured by an increase 
in total and macroporosity and a decrease in microporosity and volume weight 
in the surface 2 inches (untraveled area) in comparison with the noncultivated 
2,4-D plots (fig 3). This improved soil tilth may have been just as important a 
factor in plant growth as was soil moisture. Poor soil stmcture as measured in the 
2,4-D plots in comparison with the cultivated ones may have overshadowed the 
higher soil moisture in the 2,4-D plots. Perhaps good soil tilth is just as impor¬ 
tant a factor in crop growth as is the control of weeds to eliminate uptake of soil 
moisture and nutrients used otherwise by crop plants. 

When growth and yield of carrots and com are considered, the carrot taproot 
system evidently can live better in adverse soil conditions than can com with its 
fibrous root system. 

It is believed that part of the soil stmcture differences obtained between the 
com and carrot plot tractor-wheel areas can be ascribed to the differences in 
weights of the tractors used.® In each case the rear wheel traveled over the wheel- 
track area twice—once going down the row and again on the return trip when 
the adjacent rows were cultivated. From the data obtained (figs. 3-6), it appears 
that light-weight tractors are to be preferred to the heavier models for least soil 
compaction. 

Large significant differences in soil physical properties for the organic plus 
mineral fertilizer and mineral fertilizer alone were not obtained in 1 year’s study. 
It is believed, however, that over a period of years, the soil treated with organic 
fertilizer would become less compact than the mineral-fertilized soil. In this con¬ 
nection, Parker and Jenny (10) have reported that incorporation of organic 
matter as manure or cover crop improved soil stmcture. 

SUMMARY 

A report of 1 year’s study on the effect of using 2,4-D and flaming and their 
indirect effect on soil stmcture versus killing weeds by the usual cultivation 

•Weight of corn tractor with cultivator but without operator, 4020 pounds; weight 
of carrot tractor with cultivator but without operator, 2910 pounds. 
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methods is reported. Com and carrots were the crops used. On the basis of the 
data obtained, the experiment has been revised and will be continued for a num¬ 
ber of years. 

Measurements of volume-weight and pore-space relationship (total, macro- 
porosity, and microporosity) were made on core samples taken at 0-2-, 4-6-, 
6-8,- and 12-14-inch depths in the area traveled over by the rear tractor wheel,^ 
in untraveled areas in the hills between rows, and in the tum-aroimd areas used 
during cultivation. Samples were taken from an adjacent bluegrass sod area for 
comparison. 

Heavy rains early in the season and subsequent hot dry weather resulted in 
soil crusting. It is believed that this cmst prevented free entrance of air into the 
soil, resulting in reduced soil nitrification. The com plants showed definite ni¬ 
trogen starvation, although the carrots were not visible affected. 

An average increase of 40 bushels of com per acre was obtained for plots cul¬ 
tivated for the control of weeds as compared with those treated with 2,4-D 
applied at the rate of 1§ pounds of sodium salt spray per acre. 

A devrease of about 9 bushds of com per acre for the flamed com in compari¬ 
son with cultivated com was obtained. This small difference in yield may have 
been due to breaking of the soil cmst by a single cultivation. 

It was found that in one season the soil in the tractor-wheel area in cultivated 
com plots was packed more than in nontractor-wheel areas. 

In the 0-2-inch depth, the bluegrass sod had 68 per cent higher macroporosity, 
29 per cent higher total porosity, and 25 per cent lower volume weight than the 
alley tum-around areas; corresponding values for the cultivated nontractor- 
wheel area were 35, 9, and 7 per cent respectively. This points out the effect of 
cultivation in loosening the soil, provided no tractor wheel passes over the ground 
and it is not cultivated when the soil is wet. 

Percentage decreases in macroporosity from the 0-2- to the 4-6-inch depths 
for the bluegrass sod, cultivated nontractor wheel, and alley areas obtained were 
47,15, and 3 per cent; for total porosity 28, 7, and 0; and for volume weight 25, 
7, and 0 per cent, respectively. Differences in porosity and volume weight among 
the various treatments at lower depths were small. 

Soil structure differences in the 0-2-inch depth alone were found to be more 
significant statistically than when all four sampling depths (0-2-, 4-6-, 6-8-, 
12-14-inch) were considered together. 

The 0-2-inch depth showed less packing effect in the tractor-wheel area in the 
carrot than in the com plots. Also, higher statistically significant values for soil 
physical data were obtained for com than for carrots. This was probably due to 
differences in weights of tractors used. 
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A successful livestock program would contribute much toward establishing a 
stable diversified agriculture in the South. Such a program, however, demands 
a feed supply produced on the farm at relatively low cost. Since the fully owned 
farm imits in South Carolina are small, averaging 101.1 acres, of which only 
41.4 acres are classed as cropland (16), production of suflScient feed to support 
a livestock enterprise is difficult, especially with the common forage crops and 
practices. 

Annual lespedeza (3) has gained wide popularity as a forage legume in the 
Southeastern States, because it persists on acid soils of low fertility. It is, how¬ 
ever, a shallow-rooted legume which normally produces only one cutting of 
hay, rarely exceeding 1.5 tons a year. Lespedeza hay usually contains less pro¬ 
tein, phosphorus, calcium, and magnesium than alfalfa. Although Lespedeza 
sericea is a deep-rooted, drought-resistant perennial legume, its top growth is 
killed by frost, and the quality and 3 deld of hay are usually poor. Alfalfa, in 
contrast, is more palatable than sericea, and is a deep-rooted, drought-resistant 
perennial legume which grows about 10 mQnths of the year, thus utilizing the 
long growing season of the South. It produces four or five cuttings each year, 
and an acre often yields 3 or more tons of hay with high protein and mineral 
content. If this production can be assured, alfalfa offers many advantages to 
farmers, especially to those with small acreages. 

During the period 1940-1944, the alfalfa acreage in the Southeast increased 
from 68,482 to 80,72P acres (16) despite the difficulties in obtaining potassium 
fertilizer materials. Although during this period alfalfa decreased from 1742 to 
842 acres in South Carolina, alfalfa seed purchases in 1946 and 1947 indicate 
that many farmers in this state are attempting to grow the crop. The increasing 
use of alfalfa has been made possible by investigations of fertility and manage¬ 
ment practices, conducted during the last few years. Knowledge of lime require¬ 
ment (1, 6, 13), use of boron (4), seeding methods, effective inoculation, adapted 
varieties, and liberal use of phosphorus and potassium (13) are all essential tc 
successful alfalfa production. Cooper (2) reported that approximately 40 pei 
cent of more than 2,000,000 soil samples in South Carolina had a pH value oi 
5.5 or less and were classified as strongly to extremely acid. 

^ Research professor of chemistry, Massachusetts Agricultural Experiment Station 
Amherst, formerly soil scientist. Bureau of Plant Industry, Soils, and Agricultural Engineer¬ 
ing, U. S. Department of Agriculture, Clemson, S. C.; and soil scientist. Bureau of Plani 
Industry, Soils, and Agricultural Engineering, U. S. Department of Agriculture, Clemson 
S. C., respectively. 

* States included 1939-1944: Virginia, North Carolina, South Carolina, Georgia, and 
Alabama. 
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Alfalfa produces maxiinuin hay yields when grown on deep, well-drained soils 
well supplied withnutrients. Lucas et al. (5) andSnider (10) reported that a 3-ton 
crop of alfalfa may remove 25 to 40 pounds P 2 O 5 and 90 to 120 pounds K 2 O. 
In addition to phosphorus and potassium, large amounts of sulfur, calcium, and 
magnesium and small amoimts of boron are required for normal growth. Rela¬ 
tively small amounts of these elements are present in soils of the Piedmont and 
Coastal Plain regions, and they must be supplied before alfalfa can be grown 
successfully. In farm operations, fertilizers are generally applied to the surface 
and then worked into the top 3 or 4 inches of soil. Recent iiwestigations, how¬ 
ever, have cast doubt on the eflSciency of surface fertilizer applications for deep- 
rooted legumes. Midgley^ reported titat on an acid soil, fertilizer mixed with 
manure produced greater yields of alfalfa when plowed under than when har¬ 
rowed into the surface; likewise, 400 to 1,000 pounds of 3-12-6 produced greater 
3 delds when plowed imder than when applied in the surface. Banding on the 
bottom of the plow furrow produced greater sdelds than broadcasting and plow¬ 
ing the material under. Pohlman (8) showed that liming by layers at different 
depths in an acid soil stimulated fibrous root and nodule development in the lime 
zone irrespective of whether it occurred at 8 to 16 inches or 16 to 24 inches. 
Toevs and Baker (11) reported that the presence of a plentiful supply of avail¬ 
able phosphorus was directly related to alfalfa root development, which in¬ 
creased the feeding area of the plant. Stimulation of fibrous root and nodule 
development of alfalfa by placing lime and fertilizer in the cooler lower layers of 
the soil offers promise of increased drought resistance and increased efficiency 
of nitrogen fixation. Work cited by Wilson (14) indicates that symbiotic nitrogen 
fixation is decreased when soil temperatures exceed 70® F. Temperatures well 
above this point occur in the surface 6 inches of soil in the Southeastern States 
during summer. Unpublished data by the authors indicate that summer soil 
temperatures range from 6® to 13® F. lower and moisture content is hi^er at a 
depth of 12 than of 3 inches. 

Supplying the nutrient elements required to produce high yields of alfalfa 
over a period of years presents several problems. Appl 3 dng all of the nutrients at 
planting time greatly increases the initial cost and may be inefficient because of 
fixation or erosion losses. Toevs and Baker (11) reported that much greater 
yidds were obtained by applying phosphorus to a new seeding of alfalfa than to 
an old stand. Willard et at. (13) reported important yield increases produced 
by applying phosphorus and potassium at time of seeding, but also found that 
top-dressing alfalfa with phosphorus and potash after the first cutting increased 
both yield and longevity of stand. Bear and Prince (1) stated that the soil on 
which alfalfa is to be grown should be weU fortified with calcium and magnesium 
in preparation for seeding, but that the potassium applications should be gov¬ 
erned by the specific annual needs of the plant, a suitable application being made 
at seeding time and additional quantities being supplied each year. 

The objectives of the present investigation were to study the effects of initial 


' Private commonication. 
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and maintenance applications of fertilizer, and depths of placement of lime 
and phosphate, on establishing stands of alfalfa; on yield and composition of 
hay; and on longevity of stand, including resistance to cold, drought, and disease. 

PROCEDURE 

A field experiment was established with Kansas Common alfalfa on well- 
drained Cecil clay loam in the fall of 1946. This land had received limited amoimts 
of fertilizer and had been in cotton for 10 years prior to 1942 and was in weeds 
from 1942 to 1946. The soil was sampled before lime and fertilizer were applied 
and was analyzed (7) as shown in table 1. The alfalfa seed was produced in Okla- 

TABLE 1 


Exchangeable cations^ acidity, organic matter, and 'phosphorus content of untreated soil 


SAMPUE 

DEPTH 

pH 

ORGANIC 

MATTER 

PHOSPHORUS 

EXCHANGEABLE CATIONS 

TOTAL 

1 BASE-£X< 
CHANGE CA- 
PAaXY 

Total 

Troug 

K 

Ca 

Mg 

H 

inches 


per cent 

lb./A. 

Ib./A. 

me* 

me.* 

me* 

me.* 

me.* 

0- 8 

5.7 

1.3 


<25 


1.3 

0.24 

1.8 

3.80 

8-16 



445 

<25 


1.1 

0.24 

2.0 

3.66 


* Per 100 gm. 


homa and was inoculated with material supplied by the soil microbiology lab¬ 
oratory at Beltsville. 


Plot layout 

The experimental design was a latin square for main treatments, consisting 
of three plow-sole fertilizer treatments with three replications. The subplots 
were a four by four factorial consisting of four initial surface treatments before 
planting, with four maintenance treatments applied to the surface the first 
year, after the first hay cutting. 

Main blocks (60 by 80 feet) were treated as follows: 

1. Nothing on plow sole. 

2. 1,000 pounds dolomite, bands 12 inches apart and 8 inches deep. 

3. 1,000 pounds dolomite plus 180 pounds P 2 O 6 , bands 12 inches apart and 8 inches deep. 

SuhUocks (20 by 60 feet), randomized in the main blocks, were treated as 
follows before planting: 

1. Basic treatment (20 pounds borax; 400 pounds 4-10-6 drilled 3 inches deep in rows 7 
inches apart; 5,000 pounds dolomite disked into surface 4 inches of soil). 

2. Basic treatment plus 180 pounds PjOs in bands 3 inches deep, 7 inches apart. 

3. Basic treatment plus 200 pounds K 2 O in bands 3 inches deep, 7 inches apart. 

4 . Basic treatment plus the additions used in 2 and 3. 
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Plots (15 by 20 feet), randomized in the subblocks, were treated as follows 
after the first cutting: 

1 . No additions. 

2 . 60 pounds KaO. 

3. 120 pounds K 2 O. 

4. 120 pounds K 2 O plus 180 pounds P 2 OS. 

Superphosphate (18 per cent P 2 O 6 ), muriate of potash (50 percent K 2 O), and 
dolomite were used as the source of potassium, phosphorus, and lime, and all 
applications are reported in pounds per acre. 

Method of applying fertilizer 

The dolomite and superphosphate treatments of the main blocks were made 
with an International Harvester plow-sole distributor No. 46 mounted on a 
single disc plow. Surface applications of lime and fertilizer to the subblocks 
were made with the fertilizer distributor of a 9-foot grain drill. This drill was 
used also in applying the maintenance treatment of phosphorus in bands 7 
inches apart and 2.5 inches deep on the established stand after the first cutting. 
The maintenance treatment of potash was applied on the surface with a 5-foot 
Gandy spreader after the fibrst cutting. 

Harvesting 

An area 9 by 14 feet was harvested from the 15 by 20-foot plots. The alfalfa 
was cut, at one-fourth bloom, with a power scythe mower. Immediately before 
harvesting of each plot, a subsample composed of five stems from each of ten 
locations (50 stem samples per plot) was collected for moisture and chemical 
analysis. Samples were dried for 48 hours in an oven at 95®C. The green alfalfa 
was raked and weighed immediately after mowing. Hay yields were calculated 
at 15 per cent moisture. 


Chemical analysis 

Oven-dried plant material was groimd in a Wiley mill. Samples were ashed 
by wet digestion with nitric acid initially, and finally with 60 per cent perchlo¬ 
ric acid. The residue was transferred, made up to volume, and filtered. Phos¬ 
phorus was determined by a modification of Sherman’s method (9). The cations 
were determined with a Perkin-Elmer Flame Photometer, Model 52A. 

RESULTS AND DISCUSSION 

The data presented in table 4 show that a yield of 14,510 pounds or an in¬ 
crease of 5,130 pounds of alfalfa hay per acre was produced in seven cuttings 
in 2 years by the combination of highest rates of phosphorus and potassium 
(average of plots receiving 220 pounds P 20 $ banded 3 inches deep plus 180 
pounds P2O5 in bands 8 inches deep with 224 pounds of K2O initially and 0, 60, 
or 120 pounds of K 2 O per acre after the first cutting in 1947) over that produced 
by the basic rate of phosphorus and potassium. The increase in phosphorus 
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content of the hay in the first and second cuttings and the yield response to 
superphosphate indicated that phosphorus was the main factor limiting growth 

TABLE 2 


Effect of phosphorus rate and placement on yield of alfalfa grown on Cecil clay loam 


PHOsPHoatrs treatments* 

YIELD OP ALFALFA HAY, 

1947, BY CUTTINGS 

PtOs/acre 

Placement 

First 

Second 

Total 

lb. 


Ib.lA. 

Ib./A 

lb.fA. 

40 

Band 7 inches apart—3 inches deep 

1186 

1480 

2666 

40 4- 180 

Band 7 inches apart—^3 inches deep 

1732 

1897 

3629 

40 4- 

Band 7 inches apart—^3 inches deep 




180 

Band 12 inches apart—^8 inches deep 

1740 

2064 

3804 

40 4- 180 -f 

Band 7 inches apart—3 inches deep 




180 

Band 12 inches apart—^8 inches deep 

2098 

2242 

4335 


* Plots received 224 pounds K 2 O before planting. Significant difference at 5 per cent 
level: first cutting, 563 pounds/acre; second, 673 pounds/acre. Weather was extremely dry 
during grov^h of second cutting. 


TABLE 3 

Effect of phosphorus rate, placement^ and time of application on absorption of phosphorus 
and yield of alfalfa grown on Cecil clay loam, 1947 
One replicate 


TREAT¬ 

MENT* 

NUM¬ 

BER 

PsOs APPLIED BE¬ 
FORE PLANTING 

FIRST CUTTINO 

P2OB 

APPLIED 

AFTER 

FIRST 

CUTTING 

SECOND CUTTING 

TOTAL 

Surface 

Subsoil 

Hay- 

Yield 

P 1 O 6 

Content 

PaOs 

Removal 

Hay 

yield 

PsO« 

Content 

P*06 

Removal 

Hay 

yield 

PsOb 

Removal 


Ih.fA. 

lb./A. 

lb./A. 


Ib./A. 

Ih./A. 

Ib./A. 


Ib./A. 

Ih./A. 

Ib./A. 

1 

40 

0 

1409 

0.417 

5.86 

0 

1759 

0.582 

10.23 

3165 

16.09 

2 

220 

0 

1581 

0.460 

7.37 

0 

1480 

0.568 

8.41 

3061 

15.87 

3 

220 

0 

1632 

0.442 

7.21 

180 

1933 

0.690 

12.34 

3565 

19.55 

4 

40 

0 

1760 

0.416 

7.32 

180 

2226 

0.674 

14.01 

3986 

21.33 

5 

40 

180 

2088 

0.518 

10.82 

0 

2025 

0.644 

13.04 

4113 

23.86 

6 

40 

180 

1823 

0.513 

9.35 

180 

2253 

0.704 

15.86 

4076 

25.21 

7 

220 

180 

2441 

0.598 

14.60 

0 

2574 

0.644 

16.58 

5015 

31.18 

8 

220 

180 

2361 

0.566 

13.36 

180 

2802 

0.674 

18.99 

5163 

32.25 


* Detailed treatments were as follows: 

1. Basic (400 pounds 4-10-6 band 7 inches apart, 3 inches deep before planting) 

2. Basic 4- 180 pounds P 2 OB band 7 inches apart, 3 inches deep before planting 

3. No. 2 4- delayed 180 pounds P 2 O 6 band 7 inches apart, 2J inches deep 

4. Basic 4- delayed 180 pounds P 2 OB band 7 inches apart, 2i inches deep 

5. Basic 4- 180 pounds P 2 O 5 band 12 inches apart, 8 inches deep before planting 

6. No. 6 4- delayed 180 pounds P20fi band 7 inches apart, 2J inches deep 

7. No. 6 4- 180 pounds P 2 O 8 band 7 inches apart, 3 inches deep before planting 

8. No. 7 4- delayed 180 pounds P 2 O 5 band 7 inches apart, 2J inches deep 

of alfalfa during the first few months on this soil (tables 2 and 3). Field observa¬ 
tions indicated that banding of phosphorus was highly important. 
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TABLE 4 


Ejffect of rate and placement of fertilizer on yield of alfalfa 
Fertilizer treatments and 3 rields in pounds per acre 


ZMinAL TEBXaiZES APFUCATIONS 

YIEID OF HAY, SEVEN CUTTINGS,f WITH ICAZNIENANGE FEXTZLIZEK 
AFPUED AFTEE FIEST CUTTING 

IREATHENT 

REPLICA- 

TXONSt 

Surface 

Plow 8oIe§ 

KsO 

0 

K,0 

60 

KiO 

120 

Av. KjO 
(0 , 60, 120) 

PiO. KiO 
180 120 

PsOi 

KsO 

P*0« 

0 


0 

9,660 

9,130 

9,340 

9,380 

11,020 

6 

0 


180 


12,120 

12,340 

12,290 

12,140 

3 

180 


0 

10,820 


11,170 

11,010 

11,130 

6 

180 

0 

180 


12,990 

12,170 

11,970 

12,520 

3 

0 


0 

10,200 

10,450 

10,560 

10,410 

10,950 

6 

0 

200 

180 

12,840 

11,930 

12,670 

12,480 

12,370 

3 

180 


0 


11,400 

11,340 

11,200 

12,050 

6 

180 



14,100 


13,930 

14,030 

14,510 

3 


* Basic fertilizer treatment applied to all plots as follows; 5000 pounds dolomite disked 
into surface 4 inches of soil; 20 pounds borax; 400 pounds 4-10-6 drilled 3 inches deep, rows 
7 inches apart. 

t Formulas and data for use in obtaining standard errors for various treatment com¬ 
parisons: 


treatment comparisons** 

STANDARD ERRORff 

(aibi)—(aobi) 

^21(8 - l)EbE.)/rB 

(aibi)—(aibo) 

V2 Eb/r 

(aiCi)—(aoci) 

V2{r — l)Ec + Eal/ry 

(aici)—(axco) 

V2E,/r 

(biCi)—(boci) 

V'2{(B - l)Ed -f- Eb}/raB 

(bici)—(bico) 

V 2 {( 7 ’ — l)Ed 4- Eel/ray 


** The symbols a© — ai represent the difference between A means (plow-sole fertilizer 
treatments); bo — bi, the difference between B means (initial surface fertilizer treatments); 
and Co — ci, the difference between C means (maintenance fertilizer treatments). 

tt Error mean square Ea « 623,597 (2 degrees of freedom), a « number of A treatments 

Eb = 3,106,259 (18 degrees of freedom), jS « number of B 
treatments 

Ec “= 410,725 (18 degrees of freedom), y = number of C 
treatments 

Ed ■= 629,152 (54 degrees of freedom), mean square for B X C 
and A X B X C interactions. 

Acknowledgment is due J. A. Eigney, North Carolina Agricultural Experiment Station, 
for the formulas in this table. 

X There are 18 and 9 replications respectively represented in the column showing average 
maintenance KaO corresponding to the 6 and 3 replicates for the other treatments. 

I Treatments of nothing, and dolomite on the plow sole were pooled and only the averages 
are shown since there was no response to plow-sole dolomite. 

In the first year 1,000 pounds of superphosphate in bands 12 inches apart 
and 8 inches deep (plow-sole placement) produced about the same 3 deld of hay 













ALFALFA FEBTIUTT INVESTIGATIONS 


465 


in each of two cuttings as this amount of superphosphate in bands 7 inches apart 
and 3 inches deep (table 2). The percentage phosphorus in the hay was higher 
in each of two cuttings (table 3, treatments 2 and 5), and 50 per cent more phos¬ 
phorus was removed from the plots receiving the 8 -inch than from those re¬ 
ceiving the 3-inch depth placement. This indicated that on this soil, first-year 
alfalfa plants effectively absorbed phosphorus placed 8 inches deep. The 40 
poimds of P 2 O 5 applied in bands in the surface 3 inches of this soil appeared to 
be sufficient to stimulate early growth of alfalfa. 

A large yield response was produced by rate and placement of phosphorus in 
the total of seven cuttings, two in 1947 and five in 1948 (table 4). These yields 
are the averages for the plots receiving 224 pounds K 2 O initially plus 0, 60, or 
120 pounds K 2 O after the first cutting. The addition of 180 pounds P 2 O 6 to the 
basic 40-pound P 2 O 8 application produced 11,200 pounds of hay when banded 

3 inches deep and 12,480 pounds when banded 8 inches deep—yield increases 
of 790 and 2,070 pounds for the 3- and 8-inch depths of phosphorus placement, 
respectively. By adding the increase produced by the 3- and 8-inch placements, 
an increase of 2,860 pounds would be expected when these two treatments were 
combined. However, the combination of 180 pounds P 2 O 6 at S-inch and 180 
pounds P 2 O 6 at 8-inch depths produced 14,030 pounds of hay, or an increase 
of 3,620 pounds. This increase of 760 pounds was produced by the interaction 
of shallow and deep placement of phosphorus. This greater yield response to 
deep placement of phosphorus may be the result of an increase in root develop¬ 
ment in the deeper soil horizons, allowing the plant greater access to other 
nutrients and to moisture during the frequent summer droughts. Alfalfa plants 
with 8-inch depth of phosphorus placement were observed to wilt less during 
hot, dry weather than those with 3-inch placement. 

Maintenance phosphorus 

One phase of this investigation involved the application of superphosphate 
after the first cutting as a maintenance treatment. A delayed or maintenance 
application of 180 pounds P 2 O 6 was made after the first cutting in 1947 to plots 
which had received only 40 pounds P 2 O 5 initially (table 4). The yields of the 
first cutting of hay were included in the total for seven cuttings, siuce an ob¬ 
jective was to compare the over-all yield effects of 180 pounds P2O5 as an initial 
and as a maintenance treatment. The increases in hay yields for the total of 
seven cuttings were 1,640 pounds for the maintenance phosphorus applied after 
the first cutting, and 1,630 pounds for plots which had received an equal amount 
of phosphorus at the 3-inch depth initially. Hay produced in the cutting imme¬ 
diately following the application of maintenance phosphorus (table 3, treatments 

4 and 2) contained more phosphorus than hay from plots which had received 
an equal amount of phosphorus initially. Thus composition and yield increases 
indicated that on this soil phosphorus applied at a depth of 2.5 inches with a 
grain drill fertilizer distributor after the first cutting was effective. 

The 180-pound application of maintenance, phosphorus produced significant 
yield increases on plots that had received 40 plus 180 pounds P 2 O 6 initially at 
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the 344 pound K 2 O level, but not at the 144 pound K 2 O level (table 4). The 
combination of the maintenance and 180 pounds PaOs at the 8-inch depth did 
not produce significant yield increases. This suggested that either the deeper 
placement supplied the phosphorus requirements or that deeper placement stim¬ 
ulated root development in a deeper horizon of the soil so that these plants with 
deeper phosphorus placement could not effectively absorb the maintenance 
phosphorus that was placed near the surface. 

Plow-sole placement of dolomite 

There was no yield increase resulting from the plow-sole placement of dolo¬ 
mite alone over that produced by 6,000 pounds of dolomite disked into the sur¬ 
face 4 inches of soil. The mean yield of all treatments with nothing on the plow- 
sole was 10,690; with 1,000 pounds of dolomite on plow-sole, 10,800; and with 
1,000 pounds of dolomite plus 1,000 pounds of superphosphate, 12,740 pounds 
of hay per acre. A significant increase resulted from the plow-sole placement of 
the superphosphate and dolomite together. 

Effect of potassium fertilization 

Yield increases produced by potassium were significant at the higher phos¬ 
phorus levels. There was no indication of a response to the maintenance appli¬ 
cations of K 2 O over the basic rate of 24 pounds of K 2 O per acre at the 40- or 
220-pound initial rate of P 2 O 6 (table 4). At the 400-pound initial rate of P 2 O 6 
however, significant increases were obtained by the initial and maintenance 
application of 200 and 120 poimds of K 2 O respectively. Thus higher yields and 
more efficient use of potassium and phosphorus fertilizer applications can be 
realized only if neither element is allowed to become a limiting factor. 

Chemical composition of dry alfalfa hay 

High protein and mineral content of alfalfa or other legume hay is important 
in balancing the ration of livestock, especially dairy cows. For example, grain 
is low in calcium, and high-quality legume hay is depended upon to balance 
this deficiency. It has been reported (12) that if feed for fattening beef cattle 
contained less than 0.15 per cent phosphorus, the cattle developed definite 
phosphorus-deficient symptoms. A ration with higher phosphorus content would 
be required for dairy cows than for fattening beef cattle. 

The yields and composition of the first and second cuttings in 1947 and the first 
cutting in 1948 are recorded in table 6. Placement of 180 pounds P 2 O 6 at the 
3-inch depth, in addition to the 40-pound P 2 O 6 basic treatment, increased the 
content of phosphorus in the first cutting of hay in 1947 from 0.182 (near critical 
level) to 0.219 per cent (table 5, treatments IB vs. 2B). Placing the 180 pounds 
P2O5 at the S-inch depth on the plow-sole increased the phosphorus from 0.182 
to 0.237 per cent (table 5, treatments IB vs. lA). The combination of 180 poimds 
P 2 O 6 at 3-inch and 180 pounds P 2 O 6 at 8-mch depths increased the phosphorus 
content from 0.182 to 0.253 per cent. The percentage of calcium and magnesium 
in the hay remained high, even with the greatest 3 deld increases. 
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The marked increase in the percentage of phosphorus and sodium in the first 
cutting in 1948 as compared to the two 1947 cuttings is believed to have resulted 
from (a) allowing a late fall cutting in 1947 to remain on the land, thereby re¬ 
leasing available phosphorus and sodium to the first cutting in 1948, and (6) 
increased root development and storage during the fall of 1947 and spring of 
1948. Although the percentage of phosphorus of this first cutting in 1948 was 


TABLE 5 

Yield and chemical compoeition of alfalfa hay grown on Cecil clay loam 19i7~4^ 

One replicate 


TKEATMENT* 

HAY 

YIELD 

COICPOSZTION 

TOTAL 

CATIONS 

Block 

Sub¬ 

block 

P 

K 

Na 

Ca 

Mg 




% 

% 

% 

% 

% 






First cutting 1947 



A. Super-phosphate on 

1 

2109 

0.237 

2.25 

0.0181 

1.68 

0.390 

174.2 

plow-sole 

2 

2135 

0.253 

1.94 

0.0181 

1.72 

0.413 

171.3 


3 

1928 

0.237 

2.53 

0.0175 

1.55 

0.391 

176.0 


4 

2459 

0.248 

2.48 

0.0150 

1.48 

0.400 

171.9 





First cutting 1947 



B. No super-phosphate on 

1 

1391 

0.182 

2.04 

0.0207 

1.58 

0.468 

170.4 

plow-sole 

2 

1564 

0.219 

2.00 

0.0307 

1.72 

0.515 

181.5 


3 

1500 

0.188 

2.49 

0.0151 

1.43 

0.380 

167.9 


4 

1829 

0.207 

2.30 

0.0229 

1.53 

0.390 

169.3 





Second cutting 1947 



C. No super-phosphate on 

1 

1347 

0.172 

2.03 

0.0282 

1.73 

0.483 

180.1 

plow-sole 

2 

1648 

0.214 

2.00 

0.0385 

1.80 

0.526 

186.7 


3 

1477 

0.182 

2.38 

0.0161 

1.63 

0.394 

176.3 


4 

1826 

0.209 

2.22 

0.0232 

1.40 

0.388 

160.3 





First cutting 1948 



D. No super-phosphate on 

1 

1737 

0.326 

1.87 

0.0378 

1.28 

0.443 


plow-sole 

2 

1886 

0.389 

1.88 

0.0478 

1.32 

0.501 



3 

1795 

0.339 

2.28 

0.0182 

1.21 

0.390 

153.4 


4 

1683 

0.386 

2.09 

0.0405 

1.21 

0.430 

151.8 


* 1. Basic: 400 pounds 4-10-6, 5,000 pounds dolomite, 20 pounds borax 

2. Basic -h 1,000 pounds superphosphate (18 per cent PgOs) 

3. Basic + 400 pounds KCl (50 per cent K 2 O) 

4. Basic + 1,000 pounds superphosphate -f 400 pounds KCl 
t Per 100 gm. of dry plant material. 


increased by higher phosphorus applications, the high over-all content of phos¬ 
phorus offers one explanation for the lack of yield differences for rates of 
phosphorus in this cutting. Subsequent cuttings showed excellent response to 
phosphorus treatments. 

The percentages of potassium, sodium, calcium, and magnesium in the hay 
and the total cation content expressed as milliequivalents per 100 gm. of plant 
material are presented in table 5. There was a tendency for the sum of the ca¬ 
tions to be a constant value irrespective of treatment or cutting in 1947. All 
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treatments yielded a lower sum of cations in the first cutting in 1948 than in 
either the first or second cutting of 1947. The potassium content was slightly 
lower and there was a sharp decrease in calcium content in the first cutting of 
hay in 1948 as compared to 1947. High rates of potassixim with low phosphorus 
increased the potassium but produced a corresponding decrease in the calcium, 
magnesium, and sodium. This cation relationship has been reported by numer¬ 
ous investigators ( 1 , 5). 


SUMMARY 

A satisfactory stand of alfalfa was established on Cecil clay loam low in fer¬ 
tility and organic matter by applying a basic treatment of 400 pounds of 4-10-6 
fertilizer, 5,000 pounds dolomitic limestone and 20 pounds borax per acre. 
The yield and the phosphorus content of hay produced with this basic treat¬ 
ment were lower than those of hay produced with higher applications of phos¬ 
phorus and potash. 

Initially, available phosphorus was the major factor limiting plant growth. 

Addition of 180 pounds of PjOs to the basic phosphate application produced 
11,200 pounds of hay when the phosphate was banded 3 inches deep and 12,480 
pounds when banded 8 inches deep—^yield increases of 790 and 2,070 pounds 
respectively in seven cuttings. 

The combination of 180 pounds PsOs banded 8 inches deep with 180 pounds 
P 2 O 5 banded 3 inches deep (in addition to the basic phosphate application) 
produced 14,030 pounds of hay, or an increase of 3,620 pounds in seven cuttings. 

Field observations indicated that banding of phosphorus was highly impor¬ 
tant. 

During hot dry weather, plants with phosphorus banded at the 8 -inch depth 
wilted less than those with phosphorus at 3 -inch depths. 

High rates of potash as well as phosphorus were required for maximum yields. 
The combination of highest rates of P and K produced 14,510 pounds of hay 
per acre, or an increase of 5,130 pounds in seven cuttings in 2 years. 

The phosphorus content of the hay was increased and calcium and magne¬ 
sium were maintained at a high level with the combination of highest rates of 
PandK. 
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It is now well known that some plants grow only within a rather narrow 
range of soil pH, while others grow well within wider ranges. Inasmuch as natu¬ 
rally acid soils are generally deficient in calcium, certain species which nearly 
always occur on acid soils are referred to as ^^calcifuges’* or ^‘calcifugous plants.’’ 
On the other hand, some plants appear to be intolerant of acid soil conditions 
but grow favorably on neutral or alkaline soils; such species are termed “calci- 
coles” or ^'calcicolous plants” (3). 

Opinions differ as to why certain species can thrive only on soils within a 
certain pH range. One view put forward by Hartwell and Pember (21) is that 
in very acid soils, certain quantities of active aluminum are present which are 
held to be toxic to calcicolous plants. Matson and Hester (39) have cautioned 
those who would simplify the problem by attributing the injurious action 
of acid soil to soluble aluminum. According to them, .. as far as relating 
aluminum toxicity to aluminum solubility is concerned, the relationship is 
complicated by the solubility and toxic effects of manganese and possibly other 
elements.” Kirsanov (32) has suggested that “mobile” iron in acid soils is more 
harmful than “mobile” aluminum. Some investigators (2, 3), however, believe 
that the injurious effect of acid soil conditions on calcicolous plants is due to 
the calcium shortage usually associated with such conditions. On the other hand, 
Russell (47) referred to Salisbury’s suggestion that calcifugous plants have a 
special need for potassium, which they might have some difficulty in obtaining 
on calcium-saturated soils. Small (61) has suggested that calcifugous plants have 
a dominant organic-acid metabolism, whereas calcicolous plants have dominant 
inorganic-acid, mainly phosphate and bicarbonate, metabolism. 

The chief purpose of this investigation was to determine the chemical charac¬ 
teristics of certain calcifuges, calcicoles, and plants indifferent to soil pH in the 
natural environment. Special attention was given to the aluminum, iron, man¬ 
ganese, phosphorus, calcium, and potassium content of these plants. It was also 
expected from this examination to determine whether there may be a possible 
explanation of why plants of certain species thrive only on soils with a restricted 
range of pH. 

In addition to the main purpose, this study had a threefold objective: first, 

1 Paper 1661 of the Journal Series. Part of a thesis presented to the graduate school by 
the senior author in partial fulfillment of the requirements for the degree of doctor of phil¬ 
osophy. The authors are indebted to J. P. Kelly of the department of botany at the Penn¬ 
sylvania State College for his invaluable assistance and guidance in collecting and identi¬ 
fying the plant specimens and to Edgar T. Wherry of the University of Pennsylvania for 
his coimsel and encouragement during the course of the investigation. 
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to study the uptake of aluminum, iron, manganese, phosphorus, calcium, and 
potassium by the same species growing on different soils, from which it could 
be determined whether any relationship exists between the chemical composition 
of plants and the soil pHj second, to investigate the specific absorption of the 
six elements by plants of different species which grew side by side on the same 
natural soil; and third, to observe the distribution of the six elements in differ¬ 
ent parts of a few species of plants. 

MATERIALS AND METHODS 

An area in central Pennsylvania, which falls within the region of the podzols 
and the gray-brown podzolic soils, was investigated. Soils within the area show 
very close relationship with the rock formations. The soils developed from non- 
calcareous shales or sandstones are strongly acid, whereas those derived from 
limestones are less acid, and in certain eroded spots may be alkaline. The acid 
soils include gray-brown podzolic, peat, and undeveloped acid soils. The cal¬ 
cium-saturated soils consist of neutral limestone and calcareous alluvial soils 
in the limestone region. Because acid soils are dominant in the area, the trees, 
shrubs, herbaceous plants, and ferns are mostly of the calcifugous type. Only 
very few calcicolous plants have been found, and these are on limestone out¬ 
crops or on the narrow stream bank where calcareous alluvial soils occur. 

Plants of 31 species, including ferns, clubmosses, and flowering plants on natu¬ 
ral soils, together with com and alfalfa plants in cultivated fields, were used for 
the studies. The plants under investigation include the following three groups 
(55, 66): 

I. Calcifugous Plants 

1 . Running clubmoss {Lycopodium clavatum) 

2. Running-pine {Lycopodium fiahelliforme) 

3. Round-branch groundpine {Lycopodium ohscurum) 

4. Hay-scented fern {Dennstaedtia punctilobula) 

5. Interrupted fern {Osmunda claytoniana) 

6 . Spotted Pipsissewa {Chimaphila maculate) 

7. Trailing arbutus {Epigaea repens) 

8. Huckleberry {Qaylussacia haccata) 

9. True wintergreen {Gaultheria procumJbens) 

10. Mountain laurel {Kalmia latifolia) 

11 . Great laurel {Rhododendron maximum) 

12 . Sweet blueberry {Vaednium pennsylvanicum) 

13. Lowbush blueberry {Vaednium vadllans) 

14. Sweet fern {Myrica asplenifolia) 

II. Calcicolous Plants 

15. Bulblet fern {Cystopteris hulbifera) 

16. Hairy cliff brake {Pelktea atropurpurea) 

17. Common milkweed {Asclepias syriaoa) 

18. Teasel {Dipsacus sylvestris) 

19. Alfalfa {Medicago saliva) 

20. Peppermint {Mentha piperita) 

21 . Spearmint {Mentha spicata) 
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III. Plants Indifferent to Soil pH, and Unclassified Plants 

22 . Marginal woodfem (Dryopteris marginaUsi) 

23. Elderberry {Samhuaiz canadensiB) 

24. Corn {Zea mays) 

25. Christmas fern (Polystichum acroatichoides) 

26. Yarrow {Achillea millefolium) 

27. Joe-Pye weed {Eupatorium maculatum) 

28. Boneset {Eupatorium perforliatum) 

29. Joe-Pye {Eupatorium fistulosum) 

80. Columbine {Aquilegia canadensis) 

31. Southern beechfern {Phegopteris hexagonoptera) 

The plants were collected during the middle of July 1948. The plant samples 
were dried for about 48 hours at a temperature of 60 to 70®C. in a large oven 
and then ground. Each sample was ashed in a Pyrex beaker at approximately 
550*^C. overnight. A small amount of carbon usually present after ashing was 
destroyed by perchloric acid and nitric acid digestion. The calcium and potas¬ 
sium were determined by use of a flame photometer (53). Aluminum, iron, 
manganese, and phosphorus were determined colorimetrically by means of the 
Coleman spectrophotometer. Aluminum was determined by the aluminon method 
(44, 60) slightly modified by the senior author. Iron was determined by the 
o-phenanthroline method described by Saywell and Cunningham (48). Man¬ 
ganese was determined by the simlpified periodate method (67). Phosphorus 
was determined by an adaptation of the method of Fiske and Subbarow (14). 

All the soil samples collected in this work were taken near the roots of the 
plants examined. To help in evaluation of sites, easily extractable aluminum, 
iron, manganese, phosphorus, calcium, and potassium, replaceable hydrogen, 
and pH of the soils were determined (44) Only the pH values of the soils are 
reported in this paper. 


RESULTS AND DISCUSSION 

Chemical characteristics df calcifugous and caldcolous plants 

Analyses of the calcifugous and calcicolous plants are shown in tables 1 and 2. 

Aluminum content Though most calcifuges do not contain unusual amounts 
of aluminum, the percentage of this element in one genus studied, namely, 
Lycopodium^ is significantly high. The A1 content of plants of this genus varies 
from 0.079 to 0.793 per cent on the dry basis, or from 2.43 to 15.75 per cent on 
the ash basis. These findings are in agreement with those of Hutchinson and Wol- 
lack (27), who referred to these plants as ‘‘biological accumulators of aluminum.’^ 
Without consideration of the plants collected in site 2, in which contamination 
from dust was possible, the aluminum content of the remaining calcifuges is not 
found to be exceptional, namely, from 0.013 to 0.047 per cent. Among the calci- 
coles, the aluminum content does not differ markedly from that of the calci¬ 
fuges other than Lycopodium, namely, from 0.013 to 0.034 per cent. 

Iron content Most calcifuges, with the exception of a few specimens in which 
contamination from dust is suspected, do not have an unusually high iron con- 



TABLE 1 

Al, Fe, Mrif P, Ca, and K content of caldfugous plants 
Dry-weight basis 


PLANT 

1 . Running clubmoss 

2. Running-pine 

3. Round-branch ground 
pine 

4. Hay-scented fern 

5. Interrupted fern 

6 . Spotted Pipsissewa 

7. Training arbutus 

8 . Huckleberry 

9. True wintergreen 

10. Mountain laurel 

11 . Great laurel 

12 . Sweet blueberry 

13. Lowbush blueberry 


SITE son. PLANT PAPT 
NO.* pH ANALYZED 


4 4.1 Whole 

10 3.3 Whole 

13 3.8 Whole 

11 3.5 Whole 

14 3.9 Whole 

10 3.3 Whole 

12 4.0 Whole 

15 4.2 Pinnae 

St. & Rt.t 
14 4.8 Pinnae 

11 3.4 Pinnae 

St. & Rt.t 

16 5.3 Pinnae 

9 4.5 Leaves 

Stems 
Roots 

13 3.9 Leaves 

3 3.6 Leaves 

8 3.4 Leaves 

9 4.5 Leaves 

Stems-roots 

12 3.9 Leaves 

Stems-roots 

3 3.6 Leaves 

8 3.4 Leaves 

17 4.2 Leaves 

18 3.9 Leaves 

2t 4.3 Leaves 

19 3.9 Leaves 

20 4.2 Leaves 

Stems 

Roots 

2t 4.4 Leaves 

3 3.6 Leaves 

9 4.6 Leaves 

Steins 

Roots 


CEDDE Fc Mn P Ca K 

ASH 

% % % % % % % 

4.2S0.2630.0280.0320.140.121.20 
3.250.0790.017 0.037 0.110.101.03 

5.020.7930.0160.0100.120.071.20 
4.790.7610.0110.023 0.140.051.15 

3.070.3290.0240.012 0.130.120.84 
3.34 0.169 0.017 0.016 0.09 0.10 0.69 
3.200.3710.0110.019 0.150.080.86 

9.000.047 0.0330.0520.180.492.50 
5.010.0260.0120.0170.160.181.68 
9.78 0.040 0.045 0.052 0.25 0.36 2.91 
9.53 0.0280.0170.2960.190.503.31 
5.000.0050.0030.0950.120.131.96 

■8.900.0340.0100.1170.440.69 2.59 

5.490.0240.0090.0220.191.050.97 
7.01 0.0170.0100.1830.14 1.351.18 
5.020.0170.0050.0560.150.721.30 

3.380.0140.0090.1820.100.77 0.65 

3.970.0180.0110.0370.080.870.72 

4.610.0290.0190.0580.110.730.74 

4.340.0200.0110.0330.13 0.72 0.86 
2.110.0130.0060.0550.110.440.32 
4.590.0210.0070.1040.130.850.80 
2.580.0130.0040.0850.110.440.49 

3.680.0090.0060.0410.100.740.67 
4.47 0.0140.009 0.096 0.110.90 0.66 

4.46 0.019 0.015 0.123 0.091.09 0.39 
4.92 0.016 0.012 0.082 0.071.07 0.65 

3.360.0810.0530.307 0.110.660.24 
3.880.020 0.010 0.314 0.09 0.78 0.45 
3.480.0230.0100.4360.100.570.34 
1.760.0160.0090.227 0.080.330.18 
1.410.0220.013 0.135 0.110.240.16 

3.32 0.039 0.030 0.099 0.09 0.67 0.36 
4.170.0210.0040.059 0.100.960.48 
4.400.0360.0160.1380.090.76 0.66 
2.520.0130.0060.1480.07 0.64 0.21 
1.210.0160.0080.1210.140.150.17 
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TAJBLEi l—CoTicZudcd 


PLANT 

SITE 

NO.* 

SOIL 

pH 

PLANT PAiT 
ANALYZED 

CSUDE 

ASH 

A1 

Fe 

Mn 

P 

Ca 

K 





% 

% 

% 

% 

m 

m 

% 

14. Sweet fern 

2t 

4.5 

Leaves 

3.70 

0.108 

0.392 

0.045 

0.12 

0.44 

0.64 


21 

4.3 

Leaves 

2.86 

0.020 

0.023 

0.023 

0.09 

0.50 

0.76 


20 

4.5 

Leaves 

3.51 

0.025 

0.021 

0.176 

0.10 

0.48 

0.52 




Stems 

1.98 

0.009 

0.006 

0.092 

0.03 

0.49 

0.15 




Roots 

2.34 

0.020 

0.005 

0.135 

0.06 

0.54 

0.21 


♦ Sites 3,4,8,9,11,12,13,17,18,19,20, and 21 are gray-brown podzolic soils derived from 
acid sandstones; sites 2,14, 15, and 16, acid roadside-soils; site 10 is an acid peat soil, 
t Stipes and rootstocks, 
t Plants possibly contaminated with dust. 


TABLE 2 

Al, Fbj Mn, Pj Caj and K content of calcicolons plants 
Dry-weight basis 


PLANT 

SHE 

NO* 

son. 

pH 

PLANT PAET 
ANALYZED 

CRUDE 

ASH 

Al 

Fe 

Mn 

P 

Ca 

K 








% 

mm\ 

iE!ll 

% 

15. Bulblet fern 

6 

7.9 

Pinnae 

12.20 

0.034 

0.037 

0.004 

0.18 

1.86 

1.73 

16. Hairy cliff brake 

22 

7.9 

Pinnae 

6.65 

0.022 

0.021 

0.002 

0.14 

0.59 

1.66 

i 

17. Common milkweed 

7 

7.8 

Leaves 

13.95 

0.021 

0.017 

0.006 

0.42 

2.27 

2.93 

18. Teasel 

1 

8.0 

Leaves 

12.12 

0.014 

0.019 

0.005 

0.54 

2.09 

2.74 


23 

7.0 

Leaves 

9.99 

0.014 

0.014 

0.006 

0.44 

|1.82 

1.98 


24 

6.9 

Leaves 

12.39 

0.019 

0.013 

0.009 

0.35 

1.97 

3.16 


24 

6.7 

Leaves 

13.30 

0.019 

0.015 

0.005 

0.47 

2.13 

3.08 

19. Alfalfa 

25 

5.9 

Leaves 

9.19 

i 

0.013 

0.015 

0 . 005 ' 

0.27 

1.80 

1.61 

20. Peppermint 

7 

7.8 

Leaves 

12.52 

0.021 

0.025 

0.006 

0.47 

1.98 

2.86 

21. Spearmint 

26 

6.2 

Leaves 

10.84 

0.029 

0.026 

0.007 

0.46 

1.78 

2.63 


7 

8.0 

Leaves 

12.15 

0.022 

0.019 

0.006 

0.52 

1.57 

3.26 


* Sites 1 and 7 are calcareous alluvial soils; sites 6, 23, and 24, limestone soils; site 25, 
is a field soil; site 26, a roadside-soil with limestone chips. 


tent as compared with calcicoles. Several species, such as sweet fern, sweet blue¬ 
berry, and lowbush blueberry on site 2, are found to contain abnormally large 
amounts of iron as compared with the same plants growing on equally acid soils 
in other sites. Since site 2 is a roadside soil near an iron-ore area, these high-iron 
results are likely due to contamination with dust which was either absorbed or 
merely adhered to the leaves. Except for these possible cases of contamination, 
the iron contents of the calcifuges, ranging from 0.009 to 0.045 per cent, do not 
differ significantly from those of the calcicoles, which range from 0.013 to 0.037 
per cent. 
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Manganese content. Obviously, the manganese content of most calcifugous 
plants, except for the aluminum-accumulators, is consistently high ranging from 
0.033 to 0.436 per cent. It is noteworthy that one manganese-accumulator has 
been discovered: it is sweet blueberry which contains 0.307 to 0.436 per cent of 
Mn in the leaves on the dry basis, or 8.09 to 12.51 per cent on the ash basis. 
On the other hand, the percentage of manganese is significantly low in all cal- 
cicoles, ranging from 0.002 to 0.009 per cent. 

Phosphorus content. With the exception of interrupted fern, the percentage of 
phosphorus of most calcifuges is comparatively low, varying from 0.07 to 0.19 
per cent. Conversely, a majority of calcioles, except for hairy cliff brake, contain 
rather large amounts of phosphorus, ranging from 0.18 to 0.54 per cent. 

Calcium content. In general, the calcicoles have a higher percentage of cal¬ 
cium than do the calcifuges, but the latter are not necessarily very low in cal¬ 
cium. With the exception of hairy cliff brake, the calcicoles studied contain 
about 1.57 to 2.27 per cent of Ca, whereas the calcifuges, axcept for the alu¬ 
minum-accumulators, which have an extremely low content of calcium, contain 
about 0.48 to 1.08 per cent. It may be that in the ph 3 rsiology of the aluminum- 
accumulators the absorption of calcium is depressed by the high intake 
of aluminum. 

Potassium consent. There is no striking difference existing between the cal¬ 
cifuges and calcicoles with respect to their potassium content. The calcifuges 
studied range between 0.24 and 3.31 per cent of K, whereas the cal¬ 
cicoles studied range from 1.61 to 3.26 per cent of K. The potassium content of 
calcicoles in general is uniformly higher, however, than that of calcifuges. These 
findings do not support the views of certain investigators (1,47), who maintain 
that plants would have diflSculty in obtaining potassium from calcareous soils. 

Ash content. The percentage of crude ash, in general, is significantly higher 
in calcicoles than in calcifuges, the former ranging from 6.65 to 13.95 per cent 
and the latter from 3.07 to 9.78 per cent. 

On the basis of the aforementioned chemical characteristics of the plants 
examined, it appears that it is not diflBlcult for the calcifuges to obtain calcium 
from strongly acid soils, or for calcicoles to take potassium from calcium-satu¬ 
rated soils. Furthermore, no differences of any significance have been found to 
exist between the calcifuges and calcicoles in their intake of iron. A tentative 
suggestion as to why different plants have different pH preferences is made as 
follows: 

Certain aluminum-accumulating calcifuges such as Lycopodium may have 
heavy requirements for aluminum. Hence, the distribution of those calcifuges 
is likely to be associated with the aluminum supply of the acid soils, in which 
this element is highly available (11, 37). 

Possibly, most calcifuges require or at least tolerate larger amounts of man¬ 
ganese than do the calcicoles. The distribution of such calcifuges, confined to 
acid soils, may be related to the manganese supply that is always available in 
such soils (13, 20). On the other hand, the reason why the calcicoles cannot 
thrive on strongly acid soils may well be that the relatively high soluble man¬ 
ganese may be toxic to these plants. 
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The phosphorus content of plants is probably associated with the develop¬ 
ment of the phosphate-buffer system. Phosphates have low buffer capacity in 
the acid range pH 3.5 to 6.5, and a high capacity in the circum-neutral range, 
pH 6.0 to 7.5 (51). This may constitute a fundamental difference between cal- 
cicoles and calcifuges—the former can survive in circum-neutral soils, whereas 
the latter cannot. The low phosphate-buffer capacity in calcifuges makes them 
unable to tolerate neutral soil conditions (51). 

Chemical composition of plants in relation to soil pH 

The chemical composition of plants indifferent to soil pH and of unclassified 
plants is presented in table 3. 

Aluminum, Even though the so-called aluminum-accumulators have been 
found on acid soils, but not on neutral or alkaline soils, little correlation has 
been found to exist between the aluminum content of plants and the soil pH, so 
far as the same species growing on different soils is concerned. These findings 
are in harmony with those of Fried and Peech (16), Hoffer and Trost (24), and 
Shear (49), who found no consistent correlation existing between the liming of 
the soil and the aluminum intake by plants. In a number of plants, however, 
the aluminum content is closely associated with the supply of aluminum in the 
soil. This correlation is clearly shown in running clubmoss and round-branch 
groimdpine (table 1), which contain much larger amounts of aluminum when 
growing on the gray-brown podzolic soil than on the peat soil. The peat soil is 
considered to have a poor supply of aluminum (37), and actually contains a 
very snoall amount of easily extractable aluminum according to a soil analysis, 
not presented here. 

Iron. It is generally considered that an increased pH of the soil decreases the 
solubility of the iron in the soil to the point of deficiency (54). This assumption 
is based largely on the results of solution culture experiments, and the applica¬ 
tion of the results to soil conditions is by inference and without direct experi¬ 
mental support (58). 

According to tables 1, 2, and 3, there apparently is no certainty that the low 
pH of the soil increases the availability of iron to the plant. Among the calci¬ 
fuges and calcicoles there is no apparent relationship between intake of iron and 
soil pH. The indijfferent plants, with the exception of the possible cases of con¬ 
tamination, have a higher intake of iron when growing on less acid or neutral 
soil than on the more acid soil. These findings support those of numerous in¬ 
vestigators (4, 6, 24, 25) who found that the iron content of various plants was 
increased by liming the soil. The observation can be explained by the fact that 
ferrous iron is soluble under more alkaline conditions than is ferric iron (30). 

The availability of iron to plants is a complex problem. The solubility of iron 
in soil may be infliuenced not only by the pH, but also by the intensity of the 
oxidation-reduction system (68), or the presence of organic matter or other 
reducing material (30), the amount of potentially available iron such as free 
iron oxide (42), and the amount of available manganese (30). Different com¬ 
binations of these factors would afford an explanation of why no consistent rela¬ 
tion has been found between the soil pH and the iron intake by plants. 
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Manganese. Obviously, the manganese content of plants is rather definitely 
correlated with soil pH. The plants of the three groups show the same general 
trend, namely, the percentage of manganese in plants increases as the soil pH 
decreases. Among the indifferent plants, the amount of manganese is about 

TABLE 3 

Al, Fe, Mn, P, Ca, and K content of 'plants indifferent to soil pH and unclassified plants 

Dry-weight basis 


PLANT 

SXTE 

NO.* 

SOIL 

pH 

PLANT PAM 
ANALYZED 

CRUDE 

ASH 

Al 

Fe 

Mn 

P 

Ca 

K 






m 


% 

% 

% 

% 

22 . Marginal woodfem 

27 

4.9 

Pinnae 

7.39 

0.022 

0.009 

0.037 

0.31 

0.77 

2.04 


28 

6.3 

Pinnae 

7.34 

0.023 

0.022 

0.004 

0.23 

0.87 

1.97 

23. Elderberry 

29t 

4.0 

Leaves 

8.59 

0.055 

0.076 

0.038 

0.11 

1.59 

1.23 


30 

5.5 

Leaves 

9.31 

0.018 

0.013 

0.013 

0.33 

1.43 

2.20 


31 

6.3 

Leaves 

10.03 

0.039 

0.029 

0.016 

0.34 

1.62 

1.88 

24. Corn 

32 

3.7 

Leaves 

6.17 

0.028 

0.023 

1 

0.119 

0.23 

0.50 

1.79 


33 

5.0 

Leaves 

8.98 

0.021 

0.016 

0.013 

0.22 

0.71 

2.64 


34 

8.1 

Leaves 

6.09 

0.026 

0.024 

0.012 

0.27 

1.05 

0.47 

25. Christmas fern 

4 

4.1 

Pinnae 

8.26 

0.024 

0.008 

0.038 

0.28 

0.48 

2.44 


35 

6.7 

Pinnae 

7.62 

0.019 

0.016 

0.004 

0.30 

0.67 

2.18 


35 

6.8 

Pinnae 

7.62 

0.032 

0.014 

0.003 

0.21 

0.67 

2.26 

26. Yarrow 

2 t 

4.4 

Leaves 

12.15 

0.051 

0.099 

0.016 

0.29 

1.06 

2.88 


37 

5.5 

Leaves ! 

12.91 

0.022 

0.022 

0.006 

0.19 

1.27 

2.22 


36 

7,4 

Leaves 

13.81 

0.024 

0.019 

0.006 

0.34 

1.22 

4.07 

27. Joe-Pye weed 

7 

7,8 

Leaves 

13.95 

0.027 

0.021 

0.004 

0.35 

2.30 

2.00 

28. Boneset 

5t 

5.7 

Leaves 

14.46 

0.130 

0.099 

0.049 

0.23 

1.50 

2.34 

29. Joe-Pye 

5 

5.7 

Leaves 

13.41 

0.036 

0.032 

0.026 

0.24 

1.84 

2.27 

30. Columbine 

6 

7.9 

Leaves 

11.66 

0.011 

0.009 

0.004 

0.19 

2.18 

2.37 

31. Southern beechfern 

16 

5.4 

Pinnae 

11.72 

0.023 

0.017 

0.010 

0.28 

0.98 

2.59 


* Sites 4 and 27 are gray-brown podzolic soils derived from sandstones; sites 2, 6, 29, 
30, and 31, acid roadside-soils; sites 6, 28, and 35, limestone soils; site 32, central row of 
Jordan plot 32, Pennsylvania State College; site 33, edge of Jordan plot 32; site 34, Jordan 
plot 23. 

t Plants possibly contaminated with dust. 

three to ten times as great on the strongly acid soil as on less acid or neutral 
soil. In this connection, the chlorosis and stunted growth of com plants grown 
on the strongly acid soil of the central row of Jordan plot 32 (site 32) have been 
found to be associated with an excessive absorption of manganese but not of 
aluminum or iron. The amount of manganese in com plants grown on that soil 
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is nearly ten times as great as that of plants grown on the moderately acid soil 
near the edge of the plot (site 33) and on the alkaline soil of plot 23 (site 34). 
These findings are in harmony with the observations of many investigators 
(7, 9,10, 16,17, 20, 23, 29, 36, 38, 40, 49) who have reported a decrease of man¬ 
ganese in plants grown on calcareous or limed soil as compared to those grown 
on acid soil. 

Several investigators have explained why the availability of manganese is 
fairly high in acid soil conditions. Leeper (34) suggested three basic forms of 
manganese existing in the soil from the standpoint of availability to the plant; 
namely, manganous, colloidal hydrated, and inert manganic Mn. All forms are 
in dynamic equilibrium. This equilibrium tends toward formation of the man¬ 
ganous form under acid soil condition, whereas, under alkaline condition it 
favors oxidation to the manganic form (17). This suggestion is based on the 
fact that auto-oxidation of manganous hydroxide takes place in a basic medium 
(41). Furthermore, Gerretsen (18) asserted that the precipitation of insoluble 
manganese dioxide in soil is caused by specific microorganisms which prefer the 
pH limits of 6.5 to 7.8. In addition, Leeper (34) has said that, under aerated 
conditions, the manganous Mn is almost all removed from neutral or alkaline 
soils, since bacterial oxidation is rapid, and reduction by organic matter is very 
low. On the other hand, this bivalent form of Mn is favored in strongly acid 
soils, as bacterial oxidation is very slow or absent, whereas organic matter can 
reduce the higher oxides. 

Phosphorus. The results, in general, show a fairly significant correlation be¬ 
tween the phosphorus content of plants of all three groups and the pH of the 
soil. In most instances, percentage of phosphorus in plants growing on soil 
with a high pH is greater than that in plants on soil with a low pH. These find¬ 
ings agree with the observations of numerous workers (9, 11, 12, 15, 22, 52, 59) 
that plants grown on limed soil obtain more phosphorus than those on un¬ 
limed soil. 

Calcium. The calcifuges show no general relationship between calcium intake 
and soil pH. Among the indifferent plants, however, there is a close relation 
between calcium content and soil pH. That the influence of the soil pH on the 
calcium content of calcifuges and calcicoles is highly variable agrees with the 
observations of Bryan (8) and of Smith and Hester (52). On the contrary, the 
results showing that the indifferent plants have greater amounts of calcium on 
neutral or nearly neutral soil than on more acid soil support the findings of many 
investigators (5, 6, 9, 16, 19, 36, 40, 45, 50). These controversial results reveal 
that plant species differ in their relationship between intake of calcium and 
soil pH. 

Potassium. The influence of soil pH on the absorption of potassium by plants 
is a highly controversial subject, as reviewed by Peech and Bradfiield (43). As a 
whole, in this investigation no definite relationship has been found to exist 
between soil pH and potassium intake. The inconsistent results can be explained 
by the fact that the ability of a plant to obtain potassium from the soil is in¬ 
fluenced not only by soil pH but by the amounts and forms of potassium in the 
soil, the concentration of other ions present, and the plant species studied (46). 
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Selective absorption of different elements by plants gromng in close proximity 

In the present investigation no attempt was made to compare the selective 
absorption of plants of all 31 species, the object being simply to determine 
characteristic differences in absorption of different elements of some species 
which grew side by side on the same natural soil. This investigation was con¬ 
fined to the plants found in sites 1 to 12. In a comparison of the ability of differ¬ 
ent plants to obtain the six elements from the same natural soil, the following 
facts are revealed: 

On the calcareous alluvial soils of sites 1 and 7 the selective action of the two 
calcicoles, teasel (plant 18) and peppermint (plant 20), seems not markedly 
different. They both absorbed comparatively high amounts of phosphorus, 
calcium, and potassium, but a rather small quantity of manganese. Likewise, 
there is little difference in the intake of aluminum and iron between the two 
plants. 

Growing on the strongly acid soil of site 2, the three calcifuges sweet blue¬ 
berry, lowbush blueberry, and sweet fern apparently absorbed much greater 
amounts of manganese than did the indifferent plant, yarrow: sweet blueberry 
(plant 12) obtained about twenty times as much; lowbush blueberry (plant 13), 
six times as much; and sweet fern (plant 14), three times as much. On the other 
hand, yarrow (plant 26) obtained two to three times as much phosphorus, 
about twice as much calcium, and four to twelve times as much potassium as 
did the three calcifuges on the same site. 

Among the three calcifuges that grew on the very strongly acid soil in site 3, 
huckleberry (plant 8) and lowbush blueberry (plant 13) absorbed about twice 
as much aluminum as did mountain laurel (plant 10), whereas huckleberry 
took up about twice as much iron as did the other two species. Slight differences 
in selective absorption of man ganese, calcium, and potassium, and almost no 
difference in absorption of phosphorus occurred among the three species. 

On the strongly acid soil in site 4 the calcifuge running clubmoss (plant 1) 
obtained about eleven times as much aluminum and almost four times as much 
iron, but only half as much phosphorus and potassium, and fourth as much 
calcium as did Christmas fern (plant 25) which is an indifferent species. The 
intake of manganese by these two plants on this strongly acid soil is similar. 

The results show that on the acid roadside soil of site 5, boneset (plant 28) 
absorbed about three and a haK times as much aluminum, three times as much 
iron, and twice as much manganese as did Joe-Pye weed (plant 29). The ab¬ 
sorption capacity for phosphorus, calcium, and potassium of the two species 
seems rather uniform. 

In site 6, the two species growing on the calcareous lime-stone soil behaved 
similarly toward manganese. Nevertheless, bulblet fern (plant 15) had about 
three times as much aluminum, four times as much iron, and a slightly greater 
amomt of calcium and potassium than did columbine (plant 30). The three 
species Joe-Pye weed (plant 27), peppermint (plant 20), and common milkweed 
(plant 17), which grew on the calcareous alluvial soil of site 7, behaved some 
what similarly toward the absorption of the six elements, although they differed 
more or less toward that of calcium and potassium. 
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On the strongly acid soil of site 8, huckleberry (plant 8) obtained about 
twice as much aluminum and iron as did mountain laurel (plant 10), whereas 
the latter species absorbed twice as much manganese as the former. The be¬ 
havior of these two calcifuges toward the absorption of phosphorus, calcium, and 
potassium was rather uniform. 

On the strongly acid soil of site 9 there was obviously a signihcant difference 
in the absorption capacity for manganese among the three calcifuges. Lowbush 
blueberry (plant 13) accumulated about four to six times as much manganese, 
respectively, as did true wintergreen (plant 9) and spotted Pipsissewa (plant 
6). No significant differences in absorption capacity for the remaining elements 
have been foimd among the three species. 

In site 10, the two species of Lycopodium maintained fairly high ability to 
absorb alu minum even though growing on aluminum-deficient acid peat soil. 
It is again shown that the absorption power of round-branch groundpine (plant 
3) for aluminum was about two and one-half times as great as that of running 
clubmoss (plant 1), although both plants grew on exactly the same peat soil. 
The latter species, however, obtained twice as much manganese and potassium 
as the former. No distinct differences have been foimd existing between the two 
species concerning the absorption for iron, phosphorus, and calcium. 

It is remarkable that on the strongly acid soil of site 11 the two calcifuges 
behaved entirely differently toward the absorption for manganese, aluminum, 
calcium, and potassium. Running-pine (plant 2) took up about twenty-five 
times as much aluminum as did hay-scented fern (plant 4), whereas the latter 
obtained twelve times as much manganese, ten times as much calcium, and 
three times as much potassium as did the former. There was no significant 
difference in the absorption of iron and phosphorus between the two species. 

In site 12,. it is also shown that the two calcifuges maintained a different 
ability to absorb aluminum, manganese, and calcium. Round-branch ground- 
pine (plant 3) absorbed eighteen times as much aluminum as did true winter- 
green (plant 9), whereas the latter had five times as much manganese, and ten 
times as much calcium as the former. No distinct differences are seen between 
the two species in absorption of iron, phosphorus, and potassium. 

The data obtained in the present investigation are too incomplete to give a 
comprehensive picture of the selective absorption of plants examined or to show 
the correlation of the selective absorption of the calcifuges and of the calcicoles. 
A few observations can, however, be made. It is apparent that plants of differ¬ 
ent species varied greatly in their ability to absorb different elements when 
growing on the same natural soil. In the cases examined, it is evident that the 
calcifuges had a greater ability to absorb either aluminum or manganese than 
did the indifferent plants. Among the calcifuges, the Lycopodium species main¬ 
tained a high absorption capacity for aluminum but a low capacity for man¬ 
ganese and calcium in comparison with other calcifuges. Likewise, this ability 
varied with the species. On the other hand, the remarkably high absorption of 
manganese by blueberries seems rather evident. 

The two indifferent plants yarrow and Christmas fern took up greater 
amounts of phosphorus, calcium, and potassium than did the calcifuges that 
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grew in close proximity. The absorption capacity of the calcicoles toward the 
six elements examined seems rather uniform. They had a generally similar 
tendency to absorb rather high quantities of phosphorus, calcium, and potas¬ 
sium, but small amounts of manganese. 

This preliminary investigation clearly shows that, in addition to soil condi¬ 
tions, the species or heredity of the plant is an important factor affecting the 
mineral composition of the plant. 

DistribvMon of Al, Fe, Mn, P, Ca, and K in different parts of certain plants 

The distribution of aluminum, iron, manganese, phosphorus, calcium, and 
potassium in different parts of the following six calcifuges was examined: 


Plant No, 

Common namo 

Site No, 

4 

Hay-scented fern 

11, 15 

6 

Spotted Pipsissewa 

9 

9 

True wintergreen 

9, 12 

12 

Sweet blueberry 

20 

13 

Lowbush blueberry 

9 

14 

Sweet fern 

20 


The analyses of these plants are given in table 1. 

Aluminum, The data presented show that hay-scented fern contained more 
aluminum in the pinnae than in the stipes and rootstocks and that, likewise, 
the remaining five species accumulated more aluminum per unit dry weight 
in leaves than in roots and stems. These findings do not support the conclusion 
of Hutchinson (26, 28) that accumulation of aluminum in a number of acid- 
loving plants such as Vacainium, Gauliheria, Myrica^ and Rhododendron occurs 
in the roots but not necessarily in the aerial parts. 

Iron. With the exception of sweet blueberry, which accumulated more iron 
in roots than in leaves and stems, the species showed a proportionately greater 
amount of iron in the dry leaves than in roots and stems. 

Manganese. In spotted Pipsissewa, true wintergreen, and lowbush blueberry, 
much more manganese was accumulated in stems than in roots and leaves, 
whereas sweet blueberry and sweet fern contained more manganese in the leaves 
than in steins and roots; likewise, hay-scented fern contained more manganese 
in pinnae than in stipes and rootstocks. These findings confirm those of Kelley 
(31) that the distribution of manganese in the different parts of plants varies 
in different species. He found manganese to be present in greater abundance in 
stems of guava and peanut plants, but not in other plants. 

Phosphorus. In the two species of blueberries, more phosphorus was accu¬ 
mulated in roots than in leaves and stems, whereas sweet fern appeared to ac¬ 
cumulate more phosphorus in leaves than in other parts of the plant. Spotted 
Pipsissewa, true wintergreen, and hay-scented fern had a rather uniform dis¬ 
tribution of phosphorus throughout the plant body. 

Calcium. More calcium was foimd to be accumulated in leaves than in stems 
and roots of true wintergreen, sweet blueberry, and lowbush blueberry. Like- 
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wise, hay-scented fem accumulated more calcium in pinnae than in stipes and 
rootstocks. On the other hand, spotted Pipsissewa contained more calcium in 
stems than in leaves and roots. The distribution of calcium in sweet fem seems 
rather uniform, however, although slightly greater amounts appeared in roots. 

Potassium, With the exception of spotted Pipsissewa, these species accumu¬ 
lated much more potassium in aerial parts than in roots. 

From the investigation it is clearly seen that different parts of the plant 
contained varying amounts of the same elements, and that the distribution of 
certain elements in the plant body varied with the species. 

SUMMARY 

To ascertain why plants of certain species thrive on soils of certain pH ranges, 
31 species of native and cultivated plants, including calcifugous, calcecolous, and 
indifferent species were studied. In July mature representative leaves were 
taken from each species studied. The leaf tissue was dried, pulverized, ashed, 
and analyzed for total aluminum, iron, manganese, phosphorus, calcium, and 
potassium. Soil samples, taken from around the roots of each plant were ana¬ 
lyzed for replaceable calcium, magnesium, potassium, manganese, aluminum, 
and iron. The pH and easily extractable phosphorus was also determined. 

The aluminum content of most calcifugous plants was not notably different 
from that of calcicolus plants with the exception of the Lycopodium species 
(club mosses). The latter were exceptionally high in aluminum. This finding 
is in agreement with the observations of Hutchinson and WoUack (27) who 
referred to Lycopodium species as '‘biological accumulators of aluminum.^’ With 
the exception of the "accumulators,the aluminum content of calcifuges ranged 
from 0.013 to 0.047 per cent and that of the calcicoles ranged from 0.013 to 
0.037 per cent. 

Manganese, on the other hand, proved to be definitely related to soil pH and 
plant type. It was low in the calcicoles and high in the calcifugous plants. The 
amounts in the tissues were related to the amounts easily extractable from soils. 
Calcicoles contain 0.002 to 0.009 per cent, whereas calcifuges contain 0.003 to 
0.436 per cent of Mn. The blueberry is notable for its high content of man¬ 
ganese. 

There is no evidence that iron is more abundant in calcifugous plants than in 
calcicoles. 

^ Although the calcicolous were found to have slightly higher calcium contents 
than the calcifugous plants, nevertheless, the latter cannot be considered to 
be low in this element. The calcicoles contained 1.56 to 2.27 per cent calcium, 
and the calcifuges 0.48 to 1.08 per cent. 

Potassium is somewhat higher in calcicolous plants, but the difference is small. 
The calcicoles ranged from 1.61 to 3.20 per cent K, and the calcifuges from 0.24 
to 3.31 per cent. Lime-loving plants appeared to have no diflBiculty in obtain¬ 
ing sufidcient potassium from calcium-saturated soils. 

Calcifugous plants were generally low in phosphorus, and calcicolous plants 
high in this element. The former contained 0.07 to 0.19 per cent, and the latter 
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0.18 to 0.54 per cent phosphorus. Very acid soils seldom contain more than a 
trace of easily extractable phosphorus. 

Corn from three sites in close proximity having pH values of 3.7, 5.0, and 8.1 
was found to differ very little in aluminum or iron content but to dif¬ 
fer markedly in manganese, from 0.119 to 0.013 to 0.012 respectively for the 
three sites. The com growing on the site with pH 3.7 was chlorotic and stunted; 
it never reached more than 12 inches in height. 

Evidence is presented showing that different plants growing in close proximity 
differ considerably in the relative uptake of the different elements. 
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Three types of soil-core samplers are in general use. In each, a cutting head 
is turned, hammer-driven, or pushed to cut a sample from the soil into a cylindrical 
container with a minimum of disturbance to soil structure. Baver (1, pp. 174— 
175) pointed out that not only the method of sampling but the core size is 
important in obtaining undisturbed cores and recommended a diameter no 
smaller than 3 inches. The present writers have been unable to find or develop 
a technique that will take cores smaller than about 3 inches in diameter without 
serious compression or disturbance in heavy, compact, or plastic soils. Also, 
because of soil variation, more small than large cores are necessary to charac¬ 
terize porosity differences due to soil treatment. Ward (6) found 600-cc. cores 
somewhat superior to 60-cc. cores in soil porosity studies. As doubling both 
diameter and height of the sample taken will increase the volume eight times, 
a relatively small increase in dimensions may greatly increase the effectiveness 
of a core sampler. 

The machine of Kelley, Hardman, and Jennings (2) and the tool designed 
by Lutz (3) have been tested in an effort to find a suitable core-sampling tech¬ 
nique for small plots. 

Although the former seemed well suited to taking deep samples, it proved 
disappointing in the shallow sampling of small plots. It could not be moved 
into plots over plants such as cotton or com without damage and, though much 
faster and superior to the pit method of monolith sampling, this machine is 
too slow and cumbersome for routine shallow sampling. 

The tool of Lutz has seemed satisfactory in loose friable soils, but could not 
be forced into hard, dry, or sticky compact soil without compressing or frac¬ 
turing the core. This was more noticeable with the model using the sleeve and 
removable cutting head than with the one using the can with its rim acting as 
cutting edge. The latter has a sharper bevel and hence offers less resistance to 
penetration. It is unlikely that a cutting edge can be made which wiU not, to 
some noticeable degree, compress the wall of a sample core. As the core diameter 
is decreased, a size will be reached where this compression will seriously disturb 
the whole sample. Instead of the core being cut free so as to slide into the cyl¬ 
inder, it will act as a plug to the opening and the soil wdU be compressed down¬ 
ward and outward below the cutting edge. 

The can model sampler of Lutz has some highly desirable feature^. Should 
the cutting edge of the can be crumpled on a stone, the sampler may be im- 
harmed. It is a simple matter to replace the inexpensive damaged can with 
another. This sampler is a compact, one-piece unit that is easily carried and 


1 Auburn, Alabama. 
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convenient to use. These features were combined with the HtiHing-ha.Tvimor 
principle used by Veihmeyer (5) and TJhland* in developing the sliding-hammer 

* Uhland, R. E. Procedure for taking core samples with core sampler. Report to Soil 
Conservation Service, U. S. Dept. Agr., October 2, 1947. (Mimeographed.) 
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modified Lutz sampler now used for soil porosity and compaction studies by 
the writers. 

DESCRIPTION OF SLIDING-HAMMER SAMPLER 

ihe new sampler is little more than an enlarged-can-model Lutz sampler 
with the addition of a sliding hammer to drive the cutting edge of the sample 
can into a compact soil (figs. 1 and 2). The containers used are about 3| 
inches in diameter and 2-^ inches high (volume of 470 cc.)® In the can bot¬ 
tom a I inch hole is drilled, which together vdth relief channels and a hole in 
the plunger of the sampler, allows the air to escape readily as the can is being 
driven into the soil. The hole in the can also allows the operator to see whether 
the can is filled. The plunger is shaped to fit the bottom of the can to prevent 
buckling of the can when it is driven into compact or hard, diy soil. In opera¬ 
tion, a can is inverted and slipped into the cup of the sampler and the lid re¬ 
moved. The soil surface at the sample depth desired is cut level with a sharp 
spade or trowel. The sampler is held upright with the cutting edge resting on 



Fig. 2. Sliding Hammer Soil-Core Sampler with Can 

the soil surface, and the hammer is raised to the top of the slide bar and allowed 
to drop fi’ccly to drive the sampler dowmvard into the soil. The sharp edge of 
tlic can and the beveled edge of the cup compress the soil outward as it is cut 
away from tlu^ relatively undisturbed sample. A sufficient number of blows are 
given to drive the shoulder flush with the soil surface. Since this shoulder is 
even with the inside bottom of the inverted sample can, the can should be just 
filled with undisturlied soil. The shoulder rim is made wide to minimize compres¬ 
sion if the last blow tends to diive the can below full depth. If the soil is moist 
and relatively loose, the sampler may be pushed into the soil. The sampler is 
next removed from the sample-filled can by pressing downward on the plunger 
handle with one hand while pulling up on the hammer slide bar with the other. 
Frequently a little soil between the beveled edge of the cup and the can will 
cause binding. A gentle upward tap with the sliding hammer on the slide bar cap, 
while firm pressure is maintained on the plunger, will release the sampler. After 
the sampler is removed, the can with the sample is spaded from the soil and the 

® The containers can be obtained from Central Scientific Company, Chicago, Illinois, 
and are listed in their catalog J-141 as “tinned iron boxes,” Cat. 10960, Size H. 
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open end trimmed even with a hacksaw blade which has been ground to remove 
its set. In a short time three or four samples can easily be taken at increasing 



Fig. 3. Effect of Compaction and Moisture on Soil Cores Obtained by Different 

Sampling Methods 

Odd-numbered cores pushed; even-numbered, hammered. Cores 1 and 2 from compact 
wet soil; cores 3 and 4 from compact, dry soil; and cores 5 and 6 from loose wet soil. Note 
wall disturbance in cores 1,3, and 6. 


depths as desired to about 18 inches. For deeper samples, it would be necessary 
to dig a pit. 

COMPARATIVE TESTS OF SAMPLERS 

The new hammer-driven modification of the Lutz core-sampler was first 
tested in comparison vdth the original hand-push model in Cecil clay and David¬ 
son loam. Where the two samplers failed to give about the same results for vol- 
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ume weights, a large core (17,200 cc.) was taken with a weighted jack to check 
which was the most accurate. Since the Lutz sampler and the hammer-driven 
modification differed both as to sample size and method of sampling, further 
tests were made to compare them for hammering and pushing methods at vari¬ 
ous initial states of soil compaction and moisture content in Cecil clay. In the 
order given, these comparative tests for the two samplers will be described and 
the results discussed. 

Two soils, Cecil clay and Davidson loam, in the bins at the TJ. S. Department 
of Agriculture Tillage Machinery Laboratory at Auburn, Alabama, were fitted 
as for tillage tests with the soil at each depth in the bins very close to uniform 
volume weight. Eight samples were taken in the Cecil clay at two depths (sam¬ 
ple centers, 51 and inches deep) with both a hand-pressure (Lutz) and a 
Sampler. An accurate check on the average volume we^t was 
mndft by lining a large core-sampling cylinder with a sharp cutting edge beveled 
to cores with very little distrubance. The cylinder was 12 inches m diameter 
and 9 inches high, having a volume of 17,200 cc. This was carefully jacked into 
the soil, spaded free, trimmed, and the procedure repeated to obtain three 
samples’from the 3- to 12-inch depth range. No compression or disturbance of 
these large cores was observed. Sixteen samples were taken with both hammer 
and hand-pressure samplers in the Davidson loam at the same average depth 
(sample centera, 9J inches deep). 

The samples taken from the Cecil clay with the hammer sampler were much 
less variable and more nearly in agreement with the large check cores th^ the 
hand-pressui-e samples (table 1). Careful examination of the sample mdicat^ 
that the 83-cc. cans in the hand-pushed sampler usuaUy failed to M completely 
even though the sampler rim was forced down flush with the soil surface. The 
soil appeared to be compressed downward away from the cutting edge so that 

an undisturbed core was not obtained. , . , • t\ • j 

The average results were about the same for the samples taken m Davidson 
loam The average volume weight for the 16 cores taken by the Lutz sampler 
was i.478 with a range of 0.24 between extremes. ^ average voW weight 
for those taken by the hammer sampler was 1.478 with a range of 0.20. jMthou^ 
the mean values obtained are essentially the same, the individual i-esults v an^ 
less with the samples taken with the hammer. Appa,rently. a sod low “ plastic 
colloids such as the Davidson, can be sampled satisfactorily with either sam- 
SrSe slightly less variable results with the hammer sampler were probably 
«re volume (470 M compared rriUi 83 ™ ■!» 

^^oe i sample compremiou with this wl, even the momture, m 

most cases was a little higher than the lower plastic limit (about 9 ^r ^t). 

Slice the first ^tudy with Cecil clay did not dffier^tiate the eff^ts of core 
size and of sampling method, another test with this soil was made, ^e bm was 
unifon^y fitted as^efore and then divided into two sections length^e. One 
^ Wy aad the other lightly compacted, and then the 
and unifomly wetted by a constant-speed sprinMer car. A shding hammer was 
SdJlo^ upright pi^e of the smaUer (83-cc.) sampler, and one sample was 
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taken by pushing and one by hammering with each sampler from the soil sur¬ 
face at ten different locations in each section. The first set of samples was taken 
when the soil was in a nearly saturated condition. Other sets were taken as the 
soil dried so as to get samples with moisture varying from very wet to dry in 
heavily and lightly compacted conditions. A preliminary check showed that 
with this preparation the mean volume weight of the soil varied very little with 
depth near the surface and such differences as occurred between 470-cc. and 83- 
cc. cores did not result from the small difference m sampling depth due to core 
height. 

TABLE 1 

Effect o/ sampler and of soil moisture on volume weights obtained for a uniformly prepared 

Cecil clay test bin soil 
Effect of Sampler 


UOISTUSE 

2fDlCBEK OE SAlfPUES 


ICEAN VOLUICE WEIGHT 


VAITJE 

KAKGE 

Pushed 

83 cc. 

Hammered 
470 cc. 

Jacked 
17,200 cc. 

Hammered, 
470 cc. 

Pushed, 

S3cc. 

Tacked 
17,200 cc. 

Difference 

OP /f 

per cent 

25-29 

8 

8 


1.200 

1.079 


+ .121 

5.99** 

29-31 

8 

8 

— 

1.236 


— 

+ .166 

3.40* 

25-29 1 

8 

— 

3 

1.200 


1.187 

■sa 

0.78 

25-29 

— 

8 

3 

— 

1.079 

1.187 

1 

Ira 

2.75* 


Effect of Soil Moisture 




ICBAH VOLUICE WEIGHT I 


SAUPIEE 

HUUBEE OP 




value OF t 

SAMPUBS 

25-29 per cent 

Moutoie 

29-31 per cent 

Moisture 

Difference 

Hammered, 470 cc. 

8 


1.236 



Pushed, 83 cc. 

8 

i 

1.079 

1.070 


0.177 


t Fisher’s value for estimating probability and denoting significance (4, p. 65). 
* Significant (P < .05; P > .01). 

*• Highly significant (P < .01). 


The results for the heavily compacted soil are shown in table 2 and those for 
the li^tly compacted condition in table 3. In cases where the soil moisture 
content for any two sets of samples differed very little, these were averaged for 
moisture percentage and volume weights as single groups in the analysis of 
the data. With the heavily compacted soil the method of hammering consist¬ 
ently resulted in cores of higher volume weight than for pushing. Likewise the 
470-cc. cores were greater in volume weight than the 83-cc. cores. It appears 
that the difference between methods resulted from a greater disturbance of the 
core waU with pushing than with hammering (fig. 3). Also, the 83-cc. cores 
failed to fill the cans as well as the 470-cc. cores because of the greater wall- 
surface resistance relative to the core diameter. A very small core would tend 
to plug the open end of the container, diverting the force intended for cutting 
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TABLE 2 

Effect of soil moisture j core size, and sampling method upon volume weights obtained for heavily 

compacted Cecil clay 
Effect of Sampling Method 


[OZSTUAS ' 

NDICBSE 07 SAUPLES | 

AUS.AM \UAiUaU. WJSiUJEt'l 1 

VAXHE 07 t 


Hammered 

Pushed 

Hammered | 

Pushed 

Difference 




Large cores 




29-25 

20 

20 

1.308 

1.256 

+ .052 

7.60t 

20-23 

10 

10 

1.308 

1.291 

+ .017 

2.14* 

23-21 

10 

5 

1.337 

1.316 

+ .013 

1.00 

19-17 

10 

5 

1.337 

1.284 

+ .053 

2.40* 

26-17 

20 

20 

1.366 

1.296 

+ .070 

4.34t 




Small cores 




29-25 

20 ' 

20 

1.298 

1.242 

+ .056 

10,37t 

26-23 

10 

10 

1,260 

1.231 

+ .029 

1.96 

23-21 

10 

10 

1.292 

1.254 

+ .038 

3.31t 

19-17 

10 

5 

1.288 

1.264 

+ .024 

1.43 

26-17 

25 

25 

1.277 

1.247 

+ .030 

3.70t 


Effect of Core Size 


N17MBE& 07 SAMPLES ICEAN VOLUUB WEZQBT 

MOISTUItE _ 


EANGE 

Large cores 

Small cores 

Large cores | Small cores | 

Hammered 

Difference 


29-25 

20 

20 

1.308 1.298 

+ .010 

1.77 

26-23 

10 

10 

1.308 1.260 

+ .048 

3.46t 

23-21 

10 

10 

1.337 1.292 

+ .045 

3.87t 

19-17 

10 

10 

1.337 1.288 

j +.049 

3.68t 


Pushed 


29-25 

20 

20 

1.256 

1.242 

+ .014 

2.10* 

26-23 

10 

10 

1.291 

1.231 

+ .060 

4.36t 

23-21 

5 

10 

j 1.316 

1.254 

+ .062 

2.98* 

19-17 

5 

5 

1.284 

1.264 

+ .020 

4.03t 


* Significant (F < .05; P > .01). 
t Highly significant (P < .01). 


a nnmplA free into that of compressing the soil downward and outward away 
from the mouth of the can. Hammering not only resulted in greater volume 
weights than pushing, but the differences were more pronounced in the very 
dry and the wet soil. In wet soil it was observed that hammering resulted in 
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TABLE 3 

Effect of soil moisture y core sizcj and sampling method upon volume weights obtained for lightly 

compacted Cedi clay 


NO. SAUPIiES 

MEAN VOLXnCE WEIGHT 

VALUE OF t 

Hammered 

Pushed 

Difference 



Large cores 


% 

34-27 

10 

0.983 

1.017 

-0.34 

3.70t 

28-26 

10 

1.008 

1.024 

-0.16 

1.97 

26-24 

10 

1.031 

1.035 

-0.004 

0.37 

23-18 

30 

1.068 

1.048 

4-0.20 

3.16t 


Small cores 


34-27 

10 

0.969 

1.001 

-0.32 

2.16t 

28-26 

10 

0.953 

0.980 

-0.27 

2.01 

26-24 

10 

1.008 

0.999 

4-.009 

0.69 

23-18 

30 

1.029 

0.992 

+ .037 

5.25t 

Combined large and small cores 

28-26 

20 

0.980 

1.002 

-.022 

2.59* 


Effect of Core Size 



MEAN VOLUME WEIGHT I 


NO. SAMPLES 




VALUE OF t 


Large cores 

Small cores 

Difference 



Hammered 


% i 

34-27 i 

10 

0.983 

j 

0.969 

+ .014 

i 

1.09 

28-26 i 

1 10 

1.008 

0.953 1 

+ .045 

4.38t 

26-24 1 

10 

1.031 

1.008 1 

+ .023 

1.93 

23-18 

30 

j 1,068 

1.029 

+ .039 

5.31t 


Pushed 


34-27 

10 

1.017 

1.001 

+.016 

1.46 

28-26 

10 

1.024 

0.980 

+ .044 

4.67t 

26-24 

10 

1.035 

0.999 

+ .036 

2.95t 

23-18 

30 

1.048 

0.992 

+ .066 

7.88t 


Combined hammered and pushed 


34-27 1 

■■ 

1.000 

0.985 

+ .015 

1.75 

26-24 I 

■■ 

1.033 

1.003 

+ .030 

6.92t 


* Significant (P< .05; P> .01). 
t Highly significant (P<.01), 
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cutting freely into the soil, whereas pushing allowed the soil to adhere to the 
sampler. From the appearance of the cores it was clear that pushing caused 
disturbance due to adherence of the moist soil to the can wall (fig. 3). With dry 
soil the slight rocking and turning needed to force the sampler into the soil 
caused some fracturing and yielded cores slightly elliptical rather than round 
in cross section, thus reducing the volume weights. 

From the very wet, lightly compacted soil, cores taken by hammering were 
somewhat lower in volume weight than those taken by pushing. Examination 
of these cores (fig. 3) indicates serious wall disturbance. It seems that a relatively 
loose soil when wet will be disturbed by the impact of the hammer, causing the 
particles and aggregates to settle and stick to the can wall and forming a wet 
sticky plug which resists filling and compacts the soil below the cutting edge so 
that a lighter core is taken by hammering than by pushing under these condi¬ 
tions. On the other hand, heavier cores were taken by hammering than by push¬ 
ing from lightly compacted dry soil. This may have been due in part to the 
tendency of loose dry soil to settle more xmder the impact of the hammer than 
with the pressure due to pushing. As with the heavily compacted soil, the 83-cc. 
cores were lower in volume weight than the 470-cc. cores. This was more notice¬ 
able with dry than wet soil. It is conceivable that a wet aggregate will be readily 
cut, whereas a dry one will tend to be deflected by the cutting edge of the can. 
As the diameter of the can is decreased, the relative tendency to deflect outward 
rather than inward will increase. Thus, not only do small cores tend to give 
lower volume-weight values than large cores, but the effect increases as the soil 
dries. 

It should be noted here that not all the change in mean volume weights with 
varying moisture is due to varying disturbance of the cores. As a result of shrink¬ 
age with drying, the cores should be more dense when taken dry than wet. At 
about 24 per cent moisture the soil cracked somewhat as a result of shrinkage. 
To avoid serious variation, care was taken to sample between the cracks. Hence, 
the small increase in the volume weight of the samples taken by hammering 
from the heavily compacted soil as the moisture changed from 25 to 23 per cent 
may be largely due to shrinkage. In the lightly compacted soil, it seems that the 
change with pushing was mostly due to shrinkage, whereas that with hammer¬ 
ing was due somewhat to the different t3^es of disturbance in loose wet and 
loose dry soil. 

Apparently, for routine soil-core sampling, larger cores than those taken with 
the small Lutz tool would be better. The method to be used, whether by push¬ 
ing or hammering, should be determined by soil conditions. Where the soil is 
loose, pushing appears to be more satisfactory as well as easier. With compact 
soil, hammering is more satisfactory. Thus one might follow the simple rule of 
using the method that is easier. As sampling is usually done in soil that is settled 
firmly and is below field-capacity moisture, the hammering method would ordi¬ 
narily be more desirable. Baver (1) mentioned the shattering effect of the ham¬ 
mer. More disturbance due to the twisting and turning needed to push a sam¬ 
pler into dry, hard soil was observed than that due to the hammer. 
Also, disturbing effects usually result in taking lighter rather than heavier cores. 



496 


V. C. JAMISON, H. A. WEAVER AND I. F. REED 


The increase in the size of the core taken and the addition of a sliding ham¬ 
mer has increased the usefulness of the Lutz-type sampler. Samples taken in 
the spring of 1949 in the field in a compact, though moist, Decatur clay subsoil 
with the original tool were seriously ruptured. It was impossible to force the 
sampler into the soil without turning it to some extent. During the summer the 
larger, sliding hammer sampler was used in the same field when the soil was too 
hard and dry to sample with a push-type sampler. Satisfactory cores were 
taken from the subsoil with the hammer sampler though there were occasional 
failures due to crumpling of the can edge as it was driven into the soil. For soil 
conditions where core samples are usually taken, the sliding hammer sampler is 
satisfactory. 


CONCLUSIONS 

The hand-pressure tyx)e of soil-core sampler failed to obtain cores free from 
disturbance in a clay soil but compared favorably with the hammer sampler in 
moist loam. 

The sliding-hammer tool developed as a modification of the Lutz core sampler 
appears satisfactory for sampling most soils exclusive of those that are stony or 
extremely hard and compact. 

The cores taken are of a convenient size (470-cc.) and large enough greatly to 
reduce sampling error and variation in results for replicates over the somewhat 
smaller cores taken by the Lutz sampler. 

The tool is convenient to use in the field and experimental plots for sampling 
to depths of less than about 18 inches. 

There is no need for sharpening or replacing damaged cutting heads, since the 
container edges are sharp enough to cut into the soil. In case of damage, a con¬ 
tainer is cheap and can be replaced by another numbered can. 

Whether a sample should be taken by pushing or hammering is determined 
by soil conditions. Generally in loose very wet or very dry soil, where a sample 
can be obtained easily, pushing will cause less disturbance than hammering. In 
compact soils the reverse is true. 
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APPLICATION OF CENTRIFUGAL FORCE TO OBTAIN A 
SATURATION EXTRACT OF SOIL SUITABLE FOR 
FLAME PHOTOMETRIC ANALYSIS" 

LEON CHESNIN and W. C. JOHNSON 

Nebraska Agricultural Experiment Station 

In connection with a study of the properties of a number of western Nebraska 
soils taken from sugar beet fields, several diflBiculties were encountered in ob¬ 
taining clear saturation extracts for fiame photometric analysis. Following the 
publi^ed procedure of the U. S. Regional Salinity Laboratory®, involving the 
use of Buchner funnels with vacuum filtration, saturation extracts were obtained 
which were turbid with soil particles and therefore undesirable for use with the 
flame photometer. In addition, the technique was rather laborious and time- 
consuming. Richards^ has recently describ^ a plastic filter funnel apparatus 
which is said to require less care and time to obtain saturation extracts than 
the Buchner funnel. 

METHOD OF OBTAINING SOIL EXTRACTS 

Saturation extracts of a number of soils were obtained by centrifuging their 
pastes, which were prepared according to the procedure of the U. S. Regional 
Salinity Laboratory. The soil pastes were centrifuged at 2,400 revolutions per 
minute for 10 minutes in an International size 1, type S. B. centrifuge. Each of 
the extracts was then filtered in the following manner: Gooch crucibles were 
fitted with discs of filter paper and were placed under suction. A drop of the 
extract that separated from the soil paste during centrifuging was withdrawn 
with a dropping pipette and placed on top of each filter paper disc in such a 
manner that the paper was wetted and pressed firmly into place to prevent the 
soil colloids from passing aroimd the edges of the paper. The remainder of the 
soil extract was decantai from the celluloid centrifuge tubes, poured throu^ 
fiOiters, and collected in clean, dry test tubes inside the filter flasks. The satura¬ 
tion extracts obtained in this manner were clear and free of colloids. 

With some soils, depending upon the nature of the material and adsorbed ions, 
it may not be possible to obtain clear saturation extracts at comparatively low 
centrifuge speeds. In such cases, higher speeds should be used. Speeds as high as 
11,500 revolutions per minute in an angle-head type centrifuge have been used 
to obtain the saturation extracts of soils. 

RESULTS AND DISCUSSION 

The results showing the recovery of saturation extracts as obtained by cen¬ 
trifugation at 2,400 revolutions per minute are presented in table 1. With 16 

* Contribution from the department of agronomy, Nebraska Agricultural Experiment 
Station, Lincoln 1, Paper No. 488, Journal Series. 

* U. S. Regional Salinity Laboratory. Diagnosis and improvement of saline and alkali 
soils. By laboratory staff, L. A. Richards, editor. 1947 (Multilithed.) 

* Richards, L. A, Filter funnels for soil extracts. Agron. Jour, 41: 446.1949. 
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soil samples varying in moisture equivalent from 12.7 to 26.5 per cent, the re¬ 
covery of saturation extracts obtained by centrifugation ranged from 24.0 to 
33.8 per cent. The average recovery was 29.5 per cent. There was no relation¬ 
ship between the extract recovery percentages and the moisture-equivalent 
values of the samples. 

To establish the magnitude of possible evaporation losses during centrifuga¬ 
tion, measured volumes of distilled water were centrifuged under the same con¬ 
ditions as those under which the extracts were obtained. There were no meas¬ 
urable losses by evaporation under these conditions. 

In carrying out the centrifugation technique, it is important to use celluloid 
or plastic centrifuge tubes, since glass tubes break. 

TABLE 1 


Recovery of the saturation extract of some western Nebraska soils by centrifugation 


son. SAMPLE 

WEIGHT OP 
SABCPLE 

MOISTURE 

EQUIVAIENT 

WATER ADDED TO 
FORM SOIL PASTE 

1 

EXTRACT RECOVERED 


gm. 

% 

1 nd. 

mi. 

per cent 

1 


19.4 

84.3 

26.5 

31.4 

2 


16.0 

68.1 

19.0 

27.9 

3 


16.2 

73.3 

18.5 

25.2 

4 


22.8 

80.7 

24.0 

29.7 

5 


21.0 

74.1 

21.0 

28.3 

6 


14.0 

66.0 

18.6 

28.0 

7 


12,7 

76.0 

18.0 

24.0 

8 

100 

19.1 

41.6 

13.0 

31.2 

9 i 

120 

16.4 

43.0 

13.0 

30.2 

10 


25.1 

84.3 

28.5 

33.8 

11 


20.0 

81.4 

24.0 

29.5 

12 


15.3 

81.0 

25.0 

30.9 

13 


22.0 

81.5 

26.0 

31.9 

14 


26.5 

86.2 

26.0 

30.2 

15 


25.0 

84.1 

25.5 

30.3 


SUMMARY 

A method of obtaining the saturation extract of soils by means of centrifuga¬ 
tion is described. An average recovery of 29.5 per cent of the water used to pre¬ 
pare soil pastes of 15 samples from western Nebraska was obtained with this 
technique. The centrifuged extracts were filtered to remove the soil particles 
that washed from the sides of the tubes during decantation. 

The centrifugation method described is very easily carried out and involves 
only the simplest types of equipment generally found in soil laboratories. Com¬ 
paratively low centrifuge speeds are sufficient for most soils. If, however, the 
soil material is highly colloidal or dispersed, the latter being dependent on the 
nature of the adsorbed ions, higher centrifuge speeds may be needed to obtain 
clear separations. The extracts obtained, being free of colloids, are well suited 
for flame photometric or other types of analyses. 
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Agricultural Chemistry. Edited by Donald E. H. Frear. D. Van Nostrand 
Company, Inc., New York, 1950. Pp. 812, figs. 72. Price $9. 

This is the first of a 2-voliime set to be known as “Principles of Agricultural 
Chemistry’’ a modernized version of Liebig’s “Organic Chemistry in Its Ap¬ 
plication to Agriculture and Physiology.” It is divided into five parts: funda¬ 
mental materials and processes, chemical processes, and plant, animal, and soil 
chemistry. Among the topics discussed are: the general chemistry of carbohy¬ 
drates, lipids, a min o acids, and enzymes; oxidations, cell chemistry, metabolism, 
absorption of inorganic substances, chlorophylls, pigments, utilization of carbo¬ 
hydrates and nitrogen, and hormones in plants; carbohydrate, lipid, and protein 
metabolism, digestion, absorption, and utilization of inorganic substances, and 
vitamins in animals; and minerals, colloids, and organic matter in soils. The 22 
authors are specialists in the several fields of research. A list of 100 or more 
references is appended to each chapter. The editor is to be congratulated on 
having assembled such a wealth of useful material in one volume, which is des¬ 
tined to fiOil a highly important place on the reference shelves of the agricultural 
chemists of this country. 

Isotopic Tracers and Nuclear Radiations with Applications to Biology and Medi¬ 
cine. By William E. Siri. McGraw-Hill Book Company, Inc., New York, 
1949. Pp. 663, figs. 136. Price $12.60, 

The author of this book has endeavored to present a simplified statement of 
the theory, methods, and principles involved in the use of isotopic tracers, with 
special reference to biology and medicine. The first part of the book deals with 
nuclei, gamma rays, beta and alpha particles, neutrons, fission, and radioac¬ 
tivity. The second part discusses mass spectrographs, Geiger counters, theory 
of tracer methods, handling of radioactive materials, the cyclotron, and a con¬ 
siderable number of other pertinent subjects. The third part deals with the ap¬ 
plications in the study of plants and animals. The final chapter is an extended 
bibliography of more than 2,000 papers dealing with the general phases of the 
subject and with 57 individual elements. The illustrations are excellent, and the 
method of presentation is such as to permit of an understanding of the subject 
by those who are not necessarily specialists in mathematics and physics. This is 
a very useful book and should be at hand in every laboratory which is engaged 
in the study of isotopic tracers. 

Louis Pasteur. By Rene J. Dubos. Little, Brown and Company, Boston, 1950. 
Pp. 418. Price $6. 

This is the type of book that every young scientist should read and reread. 
It holds up to plain view the obstacles to progress in the scientific field and the 
great rewards in accomplishment that accrue to the strong-minded man who is 
prepared to fight his way through, come what may. Chapter 13, dealing with 

499 



500 


BOOKS 


mechanisms of discoveries, is one of the most interesting. It reveals how the 
mind of the genius in research works. It has to do not only with Pasteur, but 
with TyndaU, Lord Kelvin, Kekule, Darwin, Faraday, and many others who 
were able to look beyond the pale of ordinary man. Pasteur, “the most perfect 
man who has ever entered the kingdom of Science,” went through poverty, 
personal losses, ill health, and fanatical opposition. But he continued to search 
for the truth and to marshall the necessary facts to prove his points. He was 
convinced that “Science and Peace will triumph over Ignorance and War.” 
The author has made a highly important contribution to the history of this 
remarkable man. The illustrations, notably the photographs of Pasteur from 
youth to old age, are impressive. 

Man on ihe Landscape. By Vebnon Gill Cabtbb. National Wildlife Federa¬ 
tion, Washington, D. C., 1949. Pp. 129, figs. 53. Price $1.50. 

The purpose of this book is to serve the cause of conservation education. It 
begins by raising a series of 27 questions, of which the first is: “What causes 
our streams to be muddy?” and the last is: “Why do we have rural slums?” 
The answer, it says, is “plant deficiency.” It then proceeds to consider the es¬ 
tablishment of plants en masse, to outline the problems arising from deficiencies 
in the quantity and quality of vegetation, to study the complex maze of plant 
relationships, to set forth the principles of landscape management, and to sug¬ 
gest how the nation’s youth can be made aware of the important and necessary 
part played by vegetative cover. The book is well illustrated, mostly by showing 
the negative aspects of land management. One sometimes wonders what effect 
this continual display of eroded lands, impoverished landscapes, miserable- 
looking livestock, and generally depressive scenes must have on the boys and 
girls of this country. It would seem that there mi^t well be many advantages 
in the opposite angle of approach. 

Old of My Later Years. By Albert Einstein. Philosophical Library, New York, 

1950. Pp. 282. Price $4.75. 

Although one chapter in this book deals with the derivation of the equation 
E=MC®, most of it has to do with matters of more concern to the author. The 
book is made up of 60 addresses, book prefaces, magazine articles, radio talks, 
and miscellaneous presentations covering the period from 1934 to 1950. Eight 
of these deal with science. The others are concerned with beliefs, public affairs, 
life itself, personalities, and Jews. Apparently the author has had plenty of time 
to reflect on such matters as “knowledge of what is does not open the door 
directly to what should he"-, “the path to genuine religiosity does not lie through 
the fear of life”; “the school has alwa 3 rs been the most important means of 
transferring the wealth of tradition from one generation to the next”; “the 
whole of science is nothing more than a refinement of every day thinking”; “we 
should be on our guard not to overmiphasize science and scientific methods 
when it is a question of human problems”; “the atom bomb has brou^t about 
the effect that all the people living in cities are threatened everywhere and con- 
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stantly with sudden destruction”; “we shall be able to solve the problem when 
it will be clearly evident to all that there is no^other, no cheaper way out of the 
present position”; and, finally, “I do not believe that under present circum¬ 
stances passive resistance is an effective method.” The book reflects so much 
thinking of interest to all of us that it is entitled to a wide reading, notably by 
students who are aiming toward a life of scientific endeavor. 

The Population Upsurge in the United States. By Joseph S. Davis. Food Re¬ 
search Institute, Stanford University, Stanford, California, 1949. Pp. 92, 

charts 20. Price, paper-bound, $1. 

This is No. 12 of the war-peace pamphlets of the Food Research Institute. It 
deals with population developments in this country and directs attention to ‘‘a 
remarkable upsurge of population in the United States, accompanied by radical 
changes in age composition and geographical distribution.” It is the author’s 
contention that the magnitude and significance of the changing picture are not 
fully appreciated. One has the impression from reading tbia pamphlet that we 
may ultimately have more people in this country than has generally been ex¬ 
pected. In a supplemental statement, the author indicates that Ihe United 
States, Canada, Australia, and New Zealand belong in a new group of countries 
in which a really substantial rate of population increase can, and probably will, 
be maintained by a combination of very low mortality, moderate fertility, and 
moderate immigration: “Normally, and I think probably, this group of coun¬ 
tries in the year 2000 will show a higher percentage of the world’s population 
than it did in 1940.” The population experts, like all other groups of specialists, 
do not agree on their interpretations in their special field of research. 

Salt^ the Fifth Element By Garnett Laiblaw Eskew. J. B. Ferguson and 

Associates, Chicago, 1948. Pp. 239. Price $3. 

Someone has estimated that the salts of the ocean have a sale value of over 
$2 billion billion at present prices, to say nothing of the value of the ocean water 
itself, once the salts have been removed. But modem salt is not sea salt, as this 
book clearly shows. After exploring the history of salt in the old world and the 
new, the author takes up the development of the Morton Salt Company, which 
operates in all the nation’s major salt fields, and which has already celebrated 
its 100th anniversary. One of the surprising features about the production of 
salt for human consumption today is that every effort is made to purify it, when 
one would think it would be desirable to leave some of the mineral impurities 
in it. Thus the author points out that 17 elements are known to be essential to 
life, then he points out that salt, with iodine added, supplies only two of these 
elements. One might well ask: ^y not use sea salt as such? The book is inter¬ 
esting and instructive and contains many fine illustrations, from both the an¬ 
cient and the modem world. 


The Editors. 
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Energy- 
properties of— 
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decomposition constants, 65. 
maintenance, 391-401, 
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Phosphorus content of— 
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Plant nutrients, function, 16. 

Potassium— 
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fixation by clays saturated with different 
cations, 261-268. 
losses by leaching, 189. 

Radioisotopes— 

Ca«, 251-260. 

K«, 261-268. 

Silicon accumulation by plants, 22. 

Sodium- 

content of irrigation waters, changes in, 
124. 

exchangeable, as affected by long-time 
cropping, 362. 
losses by leachings, 190. 

Soil core- 
description, 489. 

hammer-driven, s^ples, 487-496. 
tests, 493. 
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Soil series, analyses, descriptions of, or ex¬ 
periments withr-(continued) 

Hanford, 44, 112, 115, 219, 350, 435; 
Hartsells, 277; Hernando, 378; Hes¬ 
peria, 142; Klamath, 311; LaBrier, 
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277; Yolo, 44,114,350,437. 
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12 . 

Specific gravity of soil fractions, 159. 
Sucrose— 

content of sugar beets, 301. 
relationship to nitrate level, 305. 

Sulfur outgo in leachings, 187. 

Surface- 

external and internal, 425. 
total of clays, 421*432. 

Temperature, effects on aggregation, 196. 
Tropical forest soils, causes of high nitrogen 
and organic matter in, 63-69. 


V olume-weight— 
comparison of methods, 104. 
description of samples, 95. 
effects of soil treatments, 449. 
field procedure, 98. 
sampler and procedure, 95-106. 

Weed control, as affected by- 
leaching, 384. 
temperature, 387. 

Weed killers, effect on soil structure and 
yields, 443-457. 

Wind erosion— 

aggregate structure as an index of erodi- 
bility, 403-414. 

properties of soil influencing, 149-162, 
403-414. 

rate of soil removal, 153. 

Zinc— 

and arsenic injury of peach trees, 285. 
effect of hydrogen peroxide treatment on 
sorption of, 350. 

fixation by colloidal clays and related 
minerals, 167-173. 

relationships in Aiken clay loam, 349- 
358. 

release from soil, 355. 

sorption of soil types, 349. 

sulfate correction for arsenic injury, 288. 





